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ṅcap ⇠ nvir Vwind

R�
(B1)

�evap ⇠ v0 (1 + v2esc/v
2
0)

R�
e�v2

esc/v
2
0

�p ' µ�N

3m� �2
rel

nN h�T v3reli . (B2)

@t n� +r · (n�V�) = 0

@t V� + (V� ·r)V� + �p (V� �VN ) = g� � rP�

m� n�

g� =
rP�

m� n�
' T�

rn�

m� n�

@t n� + Vg rn� �D� r2n� ' 0 (B3)

@t V� + (V� ·r)V� + �p (V� �VN ) = g� � rP�

m� n�
, V� ' VN ' 0 =) (B4)

Vg ⌘ g�
�p

, D� ⌘ T�
�p m�

⇠ m�

µ�N
`mfp vth (B5)

8

Assuming that the transfer cross section depends solely on vrel and not on vbulk, we can explicitly evaluate the integral
over vbulk in Eq. (A6), which yields a factor of (2⇡)3/2 �3

bulk. Eq. (A6) then becomes

@tV�

���
drag

' �µ�N

m�
nN

Z
d3vrel frel(vrel �V�) vrel vrel �T , (A8)

where we have defined the relative velocity distribution

frel(vrel) ⌘
1

(2⇡)3/2 �3
rel

e�|vrel|2/2�2
rel . (A9)

Eq. (A8) is the general result for the drag force. However, it is useful to consider limiting cases in which the
expression is more analytically tractable. In the limit that V� ⌧ vrel, we can approximate

frel(vrel �V�) ' frel(vrel)�V� ·r frel(vrel) =

✓
1 +

1

�2
rel

vrel ·V�

◆
frel(vrel) . (A10)

Inserting this into Eq. (A8), the leading term in the expansion vanishes since frel(vrel) is isotropic, yielding

@tV�

���
drag

' � µ�N

m� �2
rel

nN

Z
dvrel frel(vrel) �T v3rel

Z
d⌦vrel vrel (vrel ·V�) , (A11)

where we have used that �T is a function of vrel only. The angular integral is evaluated to be
Z

d⌦vrel vrel (vrel ·V�) =
4⇡

3
v2rel V� . (A12)

Eq. (A11) then becomes

@tV�

���
drag

' � µ�N

3m� �2
rel

nN V�

Z
d3vrel frel(vrel) �T v3rel = � µ�N

3m� �2
rel

nN h�T v3reli V� , (A13)

in agreement with Eqs. (1) and (3).

Appendix B: Presentation Equations
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The visible universe is governed by a rich spectrum of forces and particles. 
Analogous long-ranged force that couples to dark matter?

Do they also couple to normal matter?
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Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.
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The visible universe is governed by a rich spectrum of forces and particles. 
Analogous long-ranged force that couples to dark matter?

Do they also couple to normal matter?
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Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.
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Assuming that the transfer cross section depends solely on vrel and not on vbulk, we can explicitly evaluate the integral
over vbulk in Eq. (A6), which yields a factor of (2⇡)3/2 �3
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incoming galactic wind 
of strongly-coupled relics

outgoing evaporation flux 
above escape velocity
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Accumulating Population

incoming galactic wind 
of strongly-coupled relics
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After diffusing throughout the Earth, particles settle into hydrostatic equilibrium
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incoming galactic wind 
of strongly-coupled relics

large fraction thermalizes  
to ~ 300 K ~ 25 meV

outgoing evaporation flux 
above escape velocity
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Assuming that the transfer cross section depends solely on vrel and not on vbulk, we can explicitly evaluate the integral
over vbulk in Eq. (A6), which yields a factor of (2⇡)3/2 �3

bulk. Eq. (A6) then becomes
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���
drag
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nN

Z
d3vrel frel(vrel �V�) vrel vrel �T , (A8)

where we have defined the relative velocity distribution

frel(vrel) ⌘
1

(2⇡)3/2 �3
rel

e�|vrel|2/2�2
rel . (A9)

Eq. (A8) is the general result for the drag force. However, it is useful to consider limiting cases in which the
expression is more analytically tractable. In the limit that V� ⌧ vrel, we can approximate
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Inserting this into Eq. (A8), the leading term in the expansion vanishes since frel(vrel) is isotropic, yielding
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where we have used that �T is a function of vrel only. The angular integral is evaluated to be
Z
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Eq. (A11) then becomes
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in agreement with Eqs. (1) and (3).
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Assuming that the transfer cross section depends solely on vrel and not on vbulk, we can explicitly evaluate the integral
over vbulk in Eq. (A6), which yields a factor of (2⇡)3/2 �3

bulk. Eq. (A6) then becomes

@tV�

���
drag

' �µ�N

m�
nN

Z
d3vrel frel(vrel �V�) vrel vrel �T , (A8)

where we have defined the relative velocity distribution
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1

(2⇡)3/2 �3
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e�|vrel|2/2�2
rel . (A9)

Eq. (A8) is the general result for the drag force. However, it is useful to consider limiting cases in which the
expression is more analytically tractable. In the limit that V� ⌧ vrel, we can approximate
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Inserting this into Eq. (A8), the leading term in the expansion vanishes since frel(vrel) is isotropic, yielding
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where we have used that �T is a function of vrel only. The angular integral is evaluated to be
Z
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4⇡

3
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Eq. (A11) then becomes
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in agreement with Eqs. (1) and (3).
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Traffic Jam (<< 1 GeV)
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Assuming that the transfer cross section depends solely on vrel and not on vbulk, we can explicitly evaluate the integral
over vbulk in Eq. (A6), which yields a factor of (2⇡)3/2 �3

bulk. Eq. (A6) then becomes
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Eq. (A8) is the general result for the drag force. However, it is useful to consider limiting cases in which the
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Inserting this into Eq. (A8), the leading term in the expansion vanishes since frel(vrel) is isotropic, yielding
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in agreement with Eqs. (1) and (3).
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Assuming that the transfer cross section depends solely on vrel and not on vbulk, we can explicitly evaluate the integral
over vbulk in Eq. (A6), which yields a factor of (2⇡)3/2 �3

bulk. Eq. (A6) then becomes
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where we have defined the relative velocity distribution
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Eq. (A8) is the general result for the drag force. However, it is useful to consider limiting cases in which the
expression is more analytically tractable. In the limit that V� ⌧ vrel, we can approximate
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Inserting this into Eq. (A8), the leading term in the expansion vanishes since frel(vrel) is isotropic, yielding
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where we have used that �T is a function of vrel only. The angular integral is evaluated to be
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Eq. (A11) then becomes
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in agreement with Eqs. (1) and (3).

Appendix B: Presentation Equations
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Aµ (6)
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(
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)
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Assuming that the transfer cross section depends solely on vrel and not on vbulk, we can explicitly evaluate the integral
over vbulk in Eq. (A6), which yields a factor of (2⇡)3/2 �3

bulk. Eq. (A6) then becomes

@tV�

���
drag

' �µ�N

m�
nN

Z
d3vrel frel(vrel �V�) vrel vrel �T , (A8)

where we have defined the relative velocity distribution

frel(vrel) ⌘
1

(2⇡)3/2 �3
rel

e�|vrel|2/2�2
rel . (A9)

Eq. (A8) is the general result for the drag force. However, it is useful to consider limiting cases in which the
expression is more analytically tractable. In the limit that V� ⌧ vrel, we can approximate

frel(vrel �V�) ' frel(vrel)�V� ·r frel(vrel) =

✓
1 +

1

�2
rel

vrel ·V�

◆
frel(vrel) . (A10)

Inserting this into Eq. (A8), the leading term in the expansion vanishes since frel(vrel) is isotropic, yielding

@tV�

���
drag

' � µ�N

m� �2
rel

nN

Z
dvrel frel(vrel) �T v3rel

Z
d⌦vrel vrel (vrel ·V�) , (A11)

where we have used that �T is a function of vrel only. The angular integral is evaluated to be
Z

d⌦vrel vrel (vrel ·V�) =
4⇡

3
v2rel V� . (A12)

Eq. (A11) then becomes

@tV�

���
drag

' � µ�N

3m� �2
rel

nN V�

Z
d3vrel frel(vrel) �T v3rel = � µ�N

3m� �2
rel

nN h�T v3reli V� , (A13)

in agreement with Eqs. (1) and (3).

Appendix B: Presentation Equations
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gravitational  
drift velocity



Terrestrial Overdensity
22

positively-charged negatively-charged

10-2 10-1 1 10 102 103
10-8

10-7

10-6

10-5

10-4

10-3

10-2

mχ [GeV]

qχ

n χ /n vir , χ+, height = -1 km

direct
detect

ion ce
iling

SN1987A

accelerators
1016

1015

1014

1013

1012
108

108
107

106
105

104
103

10210

10-2 10-1 1 10 102 103
10-8

10-7

10-6

10-5

10-4

10-3

10-2

mχ [GeV]

qχ

n χ /n vir , χ-, height = -1 km

direct
detect

ion ce
iling

χ-N bound states

SN1987A

accelerators 1016
1015

1014

1013

1012
108

108
107

106
105

104
103

102
10

large terrestrial overdensities (compared to galactic) across a broad range of masses
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✏ = 10�1
, ↵D = 0.1 , mA0 = 3m� , eD (236)

T� ⇠ 300 K ⇠ 25 meV , Eth & 1 eV (237)

rgyro ⇠
m� vvir

eq� B�
. R� =) q� & 10�8

⇥ (m�/MeV) (238)

10

✏ = 10�1
, ↵D = 0.1 , mA0 = 3m� , eD (236)

T� ⇠ 300 K ⇠ 25 meV , Eth & 1 eV (237)

rgyro ⇠
m� vvir

eq� B�
. R� =) q� & 10�8

⇥ (m�/MeV) (238)

300 K ⇠ eq� ⇥�V� =) q� & 10�7 (239)

10

Earth’s magnetic and electric fields relevant if:

✏ = 10�1
, ↵D = 0.1 , mA0 = 3m� , eD (236)

T� ⇠ 300 K ⇠ 25 meV , Eth & 1 eV (237)

rgyro ⇠
m� vvir

eq� B�
. R� =) q� & 10�8

⇥ (m�/MeV) (238)

300 K ⇠ eq� ⇥�V� =) q� & 10�7
, (B� ⇠ 0.5 G , �V� ⇠ 0.5 MV) � (239)

10

Local densities can be reduced or enhanced if interaction (set by dark photon’s mass) is sufficiently long-ranged

Parametrize ignorance by focusing on sensitivity to local density, nχ
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How do you detect this terrestrial population? 

8

Assuming that the transfer cross section depends solely on vrel and not on vbulk, we can explicitly evaluate the integral
over vbulk in Eq. (A6), which yields a factor of (2⇡)3/2 �3

bulk. Eq. (A6) then becomes
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Z
d3vrel frel(vrel �V�) vrel vrel �T , (A8)

where we have defined the relative velocity distribution

frel(vrel) ⌘
1

(2⇡)3/2 �3
rel

e�|vrel|2/2�2
rel . (A9)

Eq. (A8) is the general result for the drag force. However, it is useful to consider limiting cases in which the
expression is more analytically tractable. In the limit that V� ⌧ vrel, we can approximate

frel(vrel �V�) ' frel(vrel)�V� ·r frel(vrel) =

✓
1 +

1

�2
rel

vrel ·V�

◆
frel(vrel) . (A10)

Inserting this into Eq. (A8), the leading term in the expansion vanishes since frel(vrel) is isotropic, yielding
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Z
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Z
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where we have used that �T is a function of vrel only. The angular integral is evaluated to be
Z

d⌦vrel vrel (vrel ·V�) =
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3
v2rel V� . (A12)

Eq. (A11) then becomes

@tV�

���
drag

' � µ�N

3m� �2
rel

nN V�

Z
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in agreement with Eqs. (1) and (3).

Appendix B: Presentation Equations
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, D� ⌘ T�
�p m�

⇠ m�

µ�N
`mfp vth (B5)

SM

shield(< room temperature)

distinguishing feature = penetrates shields
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ṅcap ⇠ nvir Vwind

R�
(B1)

�evap ⇠ v0 (1 + v2esc/v
2
0)

R�
e�v2

esc/v
2
0

�p ' µ�N

3m� �2
rel

nN h�T v3reli . (B2)

@t n� +r · (n�V�) = 0

@t V� + (V� ·r)V� + �p (V� �VN ) = g� � rP�

m� n�

g� =
rP�

m� n�
' T�

rn�

m� n�

@t n� + Vg rn� �D� r2n� ' 0 (B3)

@t V� + (V� ·r)V� + �p (V� �VN ) = g� � rP�

m� n�
, V� ' VN ' 0 =) (B4)

Vg ⌘ g�
�p

, D� ⌘ T�
�p m�

⇠ m�

µ�N
`mfp vth (B5)

8

Assuming that the transfer cross section depends solely on vrel and not on vbulk, we can explicitly evaluate the integral
over vbulk in Eq. (A6), which yields a factor of (2⇡)3/2 �3

bulk. Eq. (A6) then becomes

@tV�

���
drag

' �µ�N

m�
nN

Z
d3vrel frel(vrel �V�) vrel vrel �T , (A8)

where we have defined the relative velocity distribution

frel(vrel) ⌘
1

(2⇡)3/2 �3
rel

e�|vrel|2/2�2
rel . (A9)

Eq. (A8) is the general result for the drag force. However, it is useful to consider limiting cases in which the
expression is more analytically tractable. In the limit that V� ⌧ vrel, we can approximate

frel(vrel �V�) ' frel(vrel)�V� ·r frel(vrel) =

✓
1 +

1

�2
rel

vrel ·V�

◆
frel(vrel) . (A10)

Inserting this into Eq. (A8), the leading term in the expansion vanishes since frel(vrel) is isotropic, yielding

@tV�

���
drag

' � µ�N

m� �2
rel

nN

Z
dvrel frel(vrel) �T v3rel

Z
d⌦vrel vrel (vrel ·V�) , (A11)

where we have used that �T is a function of vrel only. The angular integral is evaluated to be
Z

d⌦vrel vrel (vrel ·V�) =
4⇡

3
v2rel V� . (A12)

Eq. (A11) then becomes

@tV�

���
drag

' � µ�N

3m� �2
rel

nN V�

Z
d3vrel frel(vrel) �T v3rel = � µ�N

3m� �2
rel

nN h�T v3reli V� , (A13)

in agreement with Eqs. (1) and (3).

Appendix B: Presentation Equations
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e.g., anomalous heating of cold ions

distinguishing feature = penetrates shields
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Coulomb’s Law ⟹ zero field inside charged shell
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Coulomb’s Law ⟹ zero field inside charged shell
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∣∣
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Photon Mass
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(
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(2)
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limited by thermal fluctuations ”φshells ↓ 10
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(11)

author (year) frequency r→2(1±n) mω [eV]

Cavendish (1773) → Hz ↑ 10
→2 ↑ 10

→7

Maxwell (1873) → Hz ↑ 10
→4 ↑ 10

→8

Plimpton & Lawton (1936) ↑ Hz ↑ 10
→9 ↑ 10

→11

Cochran & Franken (1967) ↑ kHz ↑ 10
→11 ↑ 10

→12

Bartlett et al. (1970) ↑ kHz ↑ 10
→13 ↑ 10

→13

Williams et al. (1971) ↑ MHz ↑ 10
→16 ↑ 10

→14
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Historical Summary

Ideal for slowly saturating signals (e.g., penetrating millicharges)

higher frequency/lower noise
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Assuming that the transfer cross section depends solely on vrel and not on vbulk, we can explicitly evaluate the integral
over vbulk in Eq. (A6), which yields a factor of (2⇡)3/2 �3

bulk. Eq. (A6) then becomes
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where we have defined the relative velocity distribution
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e�|vrel|2/2�2
rel . (A9)

Eq. (A8) is the general result for the drag force. However, it is useful to consider limiting cases in which the
expression is more analytically tractable. In the limit that V� ⌧ vrel, we can approximate

frel(vrel �V�) ' frel(vrel)�V� ·r frel(vrel) =
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Inserting this into Eq. (A8), the leading term in the expansion vanishes since frel(vrel) is isotropic, yielding
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where we have used that �T is a function of vrel only. The angular integral is evaluated to be
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Eq. (A11) then becomes
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q2

=
A1

A2

=
r2
1

r2
2

=↘ E1

E2

=
q1/r21
q2/r22

= 1 =↘ Ein = 0 , r1 r2 ,

∮
dω ·E = 0 =↘ Ein = 0 , Ein ⇑= 0? , ?

(8)

null observation =↘ E ≃ r→2 (1±10
↑9

) , φ ≃ e→mεr

r
, ⇓ ·E = ϑ⇐m2

ϖ φ , φ0 = constant , ϑe! ⇔ ⇐m2

ϖ φ0

(9)

Ein ↓ ϑe! r , voltage φ0 ↓ 3 kV driven at frequency ↼0 ↓ 2 Hz

(10)

limited by thermal fluctuations ”φshells ↓ 10
→6

V , ϑω ⇔ ⇐m2

D φ0 , Ein ↓ ϑω r
(11)

ω ,
(12)

-

1

ω± , qω → 1 , f
DM

↭ 10
→10 ↑ (mω/GeV)

2 , f
DM

↓ e→2mω/TRH

ε4

ω mω mpl

TRH Teq

(1)
(
!ω = f

DM
!

DM
↓ 0.25↑ f

DM

)
, !ω ↓ 10

→5 ↑”Ne! , !ω ↫ few↑ 10
→2 ,

(
mω → eV

)

(2)

!ω ↔ ϑω/ϑcr
∣∣
0
→ 1 , mω ↗ TRH =↘ f

DM
≃ e→2mω/TRH , largely unconstrained for f

DM
↫ 10

→2

(3)

Eω ↓ 300 K ↓ 25 meV → typical thresholds , ”Ee ↓ Tω ve ↓ µeV↑
(

Tω

TCMB

)(
ve
εem

)
, ω ϖ

(4)

equivalence principle tests: gSM ↫ 10
→2 ↑ me

mpl

↓ 10
→24 , e, p , e↑ , gSM

(5)

L ↓ ϱ

2
F ↑
µε F

µε ⇐ jµω A↑
µ ⇐ jµ

em
Aµ

A→↓A→
+ϑA⇐⇐⇐⇐⇐⇐⇐⇒ L ↓ ⇐jµω

(
A↑

µ + ϱAµ
)
⇐ jµ

em
Aµ

(6)

e qω = ϱ↑ e↑ , jout ↓ nω Dω/ςvir ↓ nω vth
(
ςth/ςvir

)
, Dω = di#usion coe$cient ,

(7)

q1
q2

=
A1

A2

=
r2
1

r2
2

=↘ E1

E2

=
q1/r21
q2/r22

= 1 =↘ Ein = 0 , r1 r2 ,

∮
dω ·E = 0 =↘ Ein = 0 , Ein ⇑= 0? , ?

(8)

null observation =↘ E ≃ r→2 (1±10
↑9

) , φ ≃ e→mεr

r
, ⇓ ·E = ϑ⇐m2

ϖ φ , φ0 = constant , ϑe! ⇔ ⇐m2

ϖ φ0

(9)

Ein ↓ ϑe! r , voltage φ0 ↓ 3 kV driven at frequency ↼0 ↓ 2 Hz

(10)

limited by thermal fluctuations ”φshells ↓ 10
→6

V , ϑω ⇔ ⇐m2

D φ0 , Ein ↓ ϑω r
(11)

ω ,
(12)

-

1

ω± , qω → 1 , f
DM

↭ 10
→10 ↑ (mω/GeV)

2 , f
DM

↓ e→2mω/TRH

ε4

ω mω mpl

TRH Teq

(1)
(
!ω = f

DM
!

DM
↓ 0.25↑ f

DM

)
, !ω ↓ 10

→5 ↑”Ne! , !ω ↫ few↑ 10
→2 ,

(
mω → eV

)

(2)

!ω ↔ ϑω/ϑcr
∣∣
0
→ 1 , mω ↗ TRH =↘ f

DM
≃ e→2mω/TRH , largely unconstrained for f

DM
↫ 10

→2

(3)

Eω ↓ 300 K ↓ 25 meV → typical thresholds , ”Ee ↓ Tω ve ↓ µeV↑
(

Tω

TCMB

)(
ve
εem

)
, ω ϖ

(4)

equivalence principle tests: gSM ↫ 10
→2 ↑ me

mpl

↓ 10
→24 , e, p , e↑ , gSM

(5)

L ↓ ϱ

2
F ↑
µε F

µε ⇐ jµω A↑
µ ⇐ jµ

em
Aµ

A→↓A→
+ϑA⇐⇐⇐⇐⇐⇐⇐⇒ L ↓ ⇐jµω

(
A↑

µ + ϱAµ
)
⇐ jµ

em
Aµ

(6)

e qω = ϱ↑ e↑ , jout ↓ nω Dω/ςvir ↓ nω vth
(
ςth/ςvir

)
, Dω = di#usion coe$cient ,

(7)

q1
q2

=
A1

A2

=
r2
1

r2
2

=↘ E1

E2

=
q1/r21
q2/r22

= 1 =↘ Ein = 0 , r1 r2 ,

∮
dω ·E = 0 =↘ Ein = 0 , Ein ⇑= 0? , ?

(8)

null observation =↘ E ≃ r→2 (1±10
↑9

) , φ ≃ e→mεr

r
, ⇓ ·E = ϑ⇐m2

ϖ φ , φ0 = constant , ϑe! ⇔ ⇐m2

ϖ φ0

(9)

Ein ↓ ϑe! r , voltage φ0 ↓ 3 kV driven at frequency ↼0 ↓ 2 Hz

(10)

limited by thermal fluctuations ”φshells ↓ 10
→6

V , ϑω ⇔ ⇐m2

D φ0 , Ein ↓ ϑω r
(11)

ω ,
(12)

-

1

ω± , qω → 1 , f
DM

↭ 10
→10 ↑ (mω/GeV)

2 , f
DM

↓ e→2mω/TRH

ε4

ω mω mpl

TRH Teq

(1)
(
!ω = f

DM
!

DM
↓ 0.25↑ f

DM

)
, !ω ↓ 10

→5 ↑”Ne! , !ω ↫ few↑ 10
→2 ,

(
mω → eV

)

(2)

!ω ↔ ϑω/ϑcr
∣∣
0
→ 1 , mω ↗ TRH =↘ f

DM
≃ e→2mω/TRH , largely unconstrained for f

DM
↫ 10

→2

(3)

Eω ↓ 300 K ↓ 25 meV → typical thresholds , ”Ee ↓ Tω ve ↓ µeV↑
(

Tω

TCMB

)(
ve
εem

)
, ω ϖ

(4)

equivalence principle tests: gSM ↫ 10
→2 ↑ me

mpl

↓ 10
→24 , e, p , e↑ , gSM

(5)

L ↓ ϱ

2
F ↑
µε F

µε ⇐ jµω A↑
µ ⇐ jµ

em
Aµ

A→↓A→
+ϑA⇐⇐⇐⇐⇐⇐⇐⇒ L ↓ ⇐jµω

(
A↑

µ + ϱAµ
)
⇐ jµ

em
Aµ

(6)

e qω = ϱ↑ e↑ , jout ↓ nω Dω/ςvir ↓ nω vth
(
ςth/ςvir

)
, Dω = di#usion coe$cient ,

(7)

q1
q2

=
A1

A2

=
r2
1

r2
2

=↘ E1

E2

=
q1/r21
q2/r22

= 1 =↘ Ein = 0 , r1 r2 ,

∮
dω ·E = 0 =↘ Ein = 0 , Ein ⇑= 0? , ?

(8)

null observation =↘ E ≃ r→2 (1±10
↑9

) , φ ≃ e→mεr

r
, ⇓ ·E = ϑ⇐m2

ϖ φ , φ0 = constant , ϑe! ⇔ ⇐m2

ϖ φ0

(9)

Ein ↓ ϑe! r , voltage φ0 ↓ 3 kV driven at frequency ↼0 ↓ 2 Hz

(10)

limited by thermal fluctuations ”φshells ↓ 10
→6

V , ϑω ⇔ ⇐m2

D φ0 , Ein ↓ ϑω r
(11)

ω ,
(12)

-

1

ω± , qω → 1 , f
DM

↭ 10
→10 ↑ (mω/GeV)

2 , f
DM

↓ e→2mω/TRH

ε4

ω mω mpl

TRH Teq

(1)
(
!ω = f

DM
!

DM
↓ 0.25↑ f

DM

)
, !ω ↓ 10

→5 ↑”Ne! , !ω ↫ few↑ 10
→2 ,

(
mω → eV

)

(2)

!ω ↔ ϑω/ϑcr
∣∣
0
→ 1 , mω ↗ TRH =↘ f

DM
≃ e→2mω/TRH , largely unconstrained for f

DM
↫ 10

→2

(3)

Eω ↓ 300 K ↓ 25 meV → typical thresholds , ”Ee ↓ Tω ve ↓ µeV↑
(

Tω

TCMB

)(
ve
εem

)
, ω ϖ

(4)

equivalence principle tests: gSM ↫ 10
→2 ↑ me

mpl

↓ 10
→24 , e, p , e↑ , gSM

(5)

L ↓ ϱ

2
F ↑
µε F

µε ⇐ jµω A↑
µ ⇐ jµ

em
Aµ

A→↓A→
+ϑA⇐⇐⇐⇐⇐⇐⇐⇒ L ↓ ⇐jµω

(
A↑

µ + ϱAµ
)
⇐ jµ

em
Aµ

(6)

e qω = ϱ↑ e↑ , jout ↓ nω Dω/ςvir ↓ nω vth
(
ςth/ςvir

)
, Dω = di#usion coe$cient ,

(7)

q1
q2

=
A1

A2

=
r2
1

r2
2

=↘ E1

E2

=
q1/r21
q2/r22

= 1 =↘ Ein = 0 , r1 r2 ,

∮
dω ·E = 0 =↘ Ein = 0 , Ein ⇑= 0? , ?

(8)

null observation =↘ E ≃ r→2 (1±10
↑9

) , φ ≃ e→mεr

r
, ⇓ ·E = ϑ⇐m2

ϖ φ , φ0 = constant , ϑe! ⇔ ⇐m2

ϖ φ0

(9)

Ein ↓ ϑe! r , voltage φ0 ↓ 3 kV driven at frequency ↼0 ↓ 2 Hz

(10)

limited by thermal fluctuations ”φshells ↓ 10
→6

V , ϑω ⇔ ⇐m2

D φ0 , Ein ↓ ϑω r
(11)

ω ,
(12)

millicharges discharge the shell

R0

permeating plasma
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Cavendish + Millicharges
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1

ω± , qω → 1 , f
DM

↭ 10→10 ↑ (mω/GeV)2 , f
DM

↓ e→2mω/TRH

ε4

ω mω mpl

TRH Teq

(1)

(
!ω = f

DM
!

DM
↓ 0.25↑ f

DM

)
, !ω ↓ 10→5 ↑”Ne! , !ω ↫ few↑ 10→2 ,

(
mω → eV

)
(2)

!ω ↔ ϑω/ϑcr
∣∣
0
→ 1 , mω ↗ TRH =↘ f

DM
≃ e→2mω/TRH , largely unconstrained for f

DM
↫ 10→2 (3)

Eω ↓ 300 K ↓ 25 meV → typical thresholds , ”Ee ↓ Tω ve ↓ µeV↑
(

Tω

TCMB

)(
ve
εem

)
, ω ϖ (4)

equivalence principle tests: gSM ↫ 10→2 ↑ me

mpl

↓ 10→24 , e, p , e↑ , gSM (5)

L ↓ ϱ

2
F ↑
µε F

µε ⇐ jµω A↑
µ ⇐ jµ

em
Aµ

A→↓A→
+ϑA⇐⇐⇐⇐⇐⇐⇐⇒ L ↓ ⇐jµω

(
A↑

µ + ϱAµ
)
⇐ jµ

em
Aµ (6)

e qω = ϱ↑ e↑ , jout ↓ nω Dω/ςvir ↓ nω vth
(
ςth/ςvir

)
, Dω = di#usion coe$cient , (7)

q1
q2

=
A1

A2

=
r2
1

r2
2

=↘ E1

E2

=
q1/r21
q2/r22

= 1 =↘ Ein = 0 , r1 r2 ,

∮
dω ·E = 0 =↘ Ein = 0 , Ein ⇑= 0? , ? (8)

null observation =↘ E ≃ r→2 (1±0.01) , φ ≃ e→mεr

r
, ⇓ ·E = ϑ⇐m2

ϖ φ , φ0 = constant (9)

1

ω± , qω → 1 , f
DM

↭ 10
→10 ↑ (mω/GeV)

2 , f
DM

↓ e→2mω/TRH

ε4

ω mω mpl

TRH Teq

(1)

(
!ω = f

DM
!

DM
↓ 0.25↑ f

DM

)
, !ω ↓ 10

→5 ↑”Ne! , !ω ↫ few↑ 10
→2 ,

(
mω → eV

)
(2)

!ω ↔ ϑω/ϑcr
∣∣
0
→ 1 , mω ↗ TRH =↘ f

DM
≃ e→2mω/TRH , largely unconstrained for f

DM
↫ 10

→2
(3)

Eω ↓ 300 K ↓ 25 meV → typical thresholds , ”Ee ↓ Tω ve ↓ µeV↑
(

Tω

TCMB

)(
ve
εem

)
, ω ϖ (4)

equivalence principle tests: gSM ↫ 10
→2 ↑ me

mpl

↓ 10
→24 , e, p , e↑ , gSM (5)

L ↓ ϱ

2
F ↑
µε F

µε ⇐ jµω A↑
µ ⇐ jµ

em
Aµ

A→↓A→
+ϑA⇐⇐⇐⇐⇐⇐⇐⇒ L ↓ ⇐jµω

(
A↑

µ + ϱAµ
)
⇐ jµ

em
Aµ (6)

e qω = ϱ↑ e↑ , jout ↓ nω Dω/ςvir ↓ nω vth
(
ςth/ςvir

)
, Dω = di#usion coe$cient , (7)

q1
q2

=
A1

A2

=
r2
1

r2
2

=↘ E1

E2

=
q1/r21
q2/r22

= 1 =↘ Ein = 0 , r1 r2 ,

∮
dω ·E = 0 =↘ Ein = 0 , Ein ⇑= 0? , ? (8)

null observation =↘ E ≃ r→2 (1±10
↑9

) , φ ≃ e→mεr

r
, ⇓ ·E = ϑ⇐m2

ϖ φ , φ0 = constant , (9)

ϑe! ⇔ ⇐m2

ϖ φ0 (10)

Ein ↓ ϑe! r , voltage φ0 ↓ 3 kV driven at frequency ↼0 ↓ 2 Hz (11)

limited by thermal fluctuations ”φshells ↓ 10
→6

V , ϑω ⇔ ⇐m2

D φ0 , Ein ↓ ϑω r (12)

ω , (13)

1

ω± , qω → 1 , f
DM

↭ 10
→10 ↑ (mω/GeV)

2 , f
DM

↓ e→2mω/TRH

ε4

ω mω mpl

TRH Teq

(1)

(
!ω = f

DM
!

DM
↓ 0.25↑ f

DM

)
, !ω ↓ 10

→5 ↑”Ne! , !ω ↫ few↑ 10
→2 ,

(
mω → eV

)
(2)

!ω ↔ ϑω/ϑcr
∣∣
0
→ 1 , mω ↗ TRH =↘ f

DM
≃ e→2mω/TRH , largely unconstrained for f

DM
↫ 10

→2
(3)

Eω ↓ 300 K ↓ 25 meV → typical thresholds , ”Ee ↓ Tω ve ↓ µeV↑
(

Tω

TCMB

)(
ve
εem

)
, ω ϖ (4)

equivalence principle tests: gSM ↫ 10
→2 ↑ me

mpl

↓ 10
→24 , e, p , e↑ , gSM (5)

L ↓ ϱ

2
F ↑
µε F

µε ⇐ jµω A↑
µ ⇐ jµ

em
Aµ

A→↓A→
+ϑA⇐⇐⇐⇐⇐⇐⇐⇒ L ↓ ⇐jµω

(
A↑

µ + ϱAµ
)
⇐ jµ

em
Aµ (6)

e qω = ϱ↑ e↑ , jout ↓ nω Dω/ςvir ↓ nω vth
(
ςth/ςvir

)
, Dω = di#usion coe$cient , (7)

q1
q2

=
A1

A2

=
r2
1

r2
2

=↘ E1

E2

=
q1/r21
q2/r22

= 1 =↘ Ein = 0 , r1 r2 ,

∮
dω ·E = 0 =↘ Ein = 0 , Ein ⇑= 0? , ? (8)

null observation =↘ E ≃ r→2 (1±10
↑9

) , φ ≃ e→mεr

r
, ⇓ ·E = ϑ⇐m2

ϖ φ , φ0 = constant , (9)

ϑe! ⇔ ⇐m2

ϖ φ0 (10)

Ein ↓ ϑe! r , voltage φ0 ↓ 3 kV driven at frequency ↼0 ↓ 2 Hz (11)

limited by thermal fluctuations ”φshells ↓ 10
→6

V , ϑω ⇔ ⇐m2

D φ0 , Ein ↓ ϑω r (12)

ω , ϑω ⇔ eqω nω

(
e→eqωϱ0/Tω ⇐ eeqωϱ0/Tω

)
, eqω φ0 → Tω =↘ ϑω ⇔ ⇐ (eqω)2 nω

Tω
φ0 ↔ m2

D φ0 , mϖ ↖ mD (13)

Debye mass

Analogous to photon mass

(equilibrium)

Generally holds for weakly-coupled plasma

1

ω± , qω → 1 , f
DM

↭ 10
→10 ↑ (mω/GeV)

2 , f
DM

↓ e→2mω/TRH

ε4

ω mω mpl

TRH Teq

(1)

(
!ω = f

DM
!

DM
↓ 0.25↑ f

DM

)
, !ω ↓ 10

→5 ↑”Ne! , !ω ↫ few↑ 10
→2 ,

(
mω → eV

)
(2)

!ω ↔ ϑω/ϑcr
∣∣
0
→ 1 , mω ↗ TRH =↘ f

DM
≃ e→2mω/TRH , largely unconstrained for f

DM
↫ 10

→2
(3)

Eω ↓ 300 K ↓ 25 meV → typical thresholds , ”Ee ↓ Tω ve ↓ µeV↑
(

Tω

TCMB

)(
ve
εem

)
, ω ϖ (4)

equivalence principle tests: gSM ↫ 10
→2 ↑ me

mpl

↓ 10
→24 , e, p , e↑ , gSM (5)

L ↓ ϱ

2
F ↑
µε F

µε ⇐ jµω A↑
µ ⇐ jµ

em
Aµ

A→↓A→
+ϑA⇐⇐⇐⇐⇐⇐⇐⇒ L ↓ ⇐jµω

(
A↑

µ + ϱAµ
)
⇐ jµ

em
Aµ (6)

e qω = ϱ↑ e↑ , jout ↓ nω Dω/ςvir ↓ nω vth
(
ςth/ςvir

)
, Dω = di#usion coe$cient , (7)

q1
q2

=
A1

A2

=
r2
1

r2
2

=↘ E1

E2

=
q1/r21
q2/r22

= 1 =↘ Ein = 0 , r1 r2 ,

∮
dω ·E = 0 =↘ Ein = 0 , Ein ⇑= 0? , ? (8)

null observation =↘ E ≃ r→2 (1±10
↑9

) , φ ≃ e→mεr

r
, ⇓ ·E = ϑ⇐m2

ϖ φ , φ0 = constant , (9)

ϑe! ⇔ ⇐m2

ϖ φ0 (10)

Ein ↓ ϑe! r , voltage φ0 ↓ 3 kV driven at frequency ↼0 ↓ 2 Hz (11)

limited by thermal fluctuations ”φshells ↓ 10
→6

V , ϑω ⇔ ⇐m2

D φ0 , Ein ↓ ϑω r (12)

ω , ϑω ⇔ eqω (nω/2)
(
e→eqωϱ0/Tω ⇐ eeqωϱ0/Tω

)
, eqω φ0 → Tω =↘ ϑω ⇔ ⇐ (eqω)2 nω

Tω
φ0 ↔ m2

D φ0 (13)

mϖ ↖ mD (14)

-

1

ω± , qω → 1 , f
DM

↭ 10
→10 ↑ (mω/GeV)

2 , f
DM

↓ e→2mω/TRH

ε4

ω mω mpl

TRH Teq

(1)
(
!ω = f

DM
!

DM
↓ 0.25↑ f

DM

)
, !ω ↓ 10

→5 ↑”Ne! , !ω ↫ few↑ 10
→2 ,

(
mω → eV

)

(2)

!ω ↔ ϑω/ϑcr
∣∣
0
→ 1 , mω ↗ TRH =↘ f

DM
≃ e→2mω/TRH , largely unconstrained for f

DM
↫ 10

→2

(3)

Eω ↓ 300 K ↓ 25 meV → typical thresholds , ”Ee ↓ Tω ve ↓ µeV↑
(

Tω

TCMB

)(
ve
εem

)
, ω ϖ

(4)

equivalence principle tests: gSM ↫ 10
→2 ↑ me

mpl

↓ 10
→24 , e, p , e↑ , gSM

(5)

L ↓ ϱ

2
F ↑
µε F

µε ⇐ jµω A↑
µ ⇐ jµ

em
Aµ

A→↓A→
+ϑA⇐⇐⇐⇐⇐⇐⇐⇒ L ↓ ⇐jµω

(
A↑

µ + ϱAµ
)
⇐ jµ

em
Aµ

(6)

e qω = ϱ↑ e↑ , jout ↓ nω Dω/ςvir ↓ nω vth
(
ςth/ςvir

)
, Dω = di#usion coe$cient ,

(7)

q1
q2

=
A1

A2

=
r2
1

r2
2

=↘ E1

E2

=
q1/r21
q2/r22

= 1 =↘ Ein = 0 , r1 r2 ,

∮
dω ·E = 0 =↘ Ein = 0 , Ein ⇑= 0? , ?

(8)

null observation =↘ E ≃ r→2 (1±10
↑9

) , φ ≃ e→mεr

r
, ⇓ ·E = ϑ⇐m2

ϖ φ , φ0 = constant , ϑe! ⇔ ⇐m2

ϖ φ0

(9)

Ein ↓ ϑe! r , voltage φ0 ↓ 3 kV driven at frequency ↼0 ↓ 2 Hz

(10)

limited by thermal fluctuations ”φshells ↓ 10
→6

V , ϑω ⇔ ⇐m2

D φ0 , Ein ↓ ϑω r
(11)

ω ,
(12)

-

1

ω± , qω → 1 , f
DM

↭ 10
→10 ↑ (mω/GeV)

2 , f
DM

↓ e→2mω/TRH

ε4

ω mω mpl

TRH Teq

(1)
(
!ω = f

DM
!

DM
↓ 0.25↑ f

DM

)
, !ω ↓ 10

→5 ↑”Ne! , !ω ↫ few↑ 10
→2 ,

(
mω → eV

)

(2)

!ω ↔ ϑω/ϑcr
∣∣
0
→ 1 , mω ↗ TRH =↘ f

DM
≃ e→2mω/TRH , largely unconstrained for f

DM
↫ 10

→2

(3)

Eω ↓ 300 K ↓ 25 meV → typical thresholds , ”Ee ↓ Tω ve ↓ µeV↑
(

Tω

TCMB

)(
ve
εem

)
, ω ϖ

(4)
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Ein ↓ ϑe! r , voltage φ0 ↓ 3 kV driven at frequency ↼0 ↓ 2 Hz (11)

limited by thermal fluctuations ”φshells ↓ 10
→6

V , ϑω ⇔ ⇐m2

D φ0 , Ein ↓ ϑω r (12)

ω , ϑω ⇔ eqω (nω/2)
(
e→eqωϱ0/Tω ⇐ eeqωϱ0/Tω

)
, eqω φ0 → Tω =↘ ϑω ⇔ ⇐ (eqω)2 nω

Tω
φ0 ↔ ⇐m2

D φ0 (13)

mϖ ↖ mD , Vdrift ⇔
eqω E0

mω %coll.

, eqω φ0 ↗ Tω =↘ ϑω ↓ ⇐m2

D φ0 ↑
t

R2

0
/Dω

(14)

di#usion coe$cient Dω ↓ Tω

mω %coll.

↓ ςmfp vth , mϖ ↖ mD ↑ enhancement , φ0 e
iς0t , ↽0 (15)

ϑω ≃ exp

(
⇐

√
x2/2Dω

↽→1

0

)
(16)

+x
Exponentially suppressed if time 
to diffuse through experiment is 
longer than oscillation time 

1

ω± , qω → 1 , f
DM

↭ 10
→10 ↑ (mω/GeV)

2 , f
DM

↓ e→2mω/TRH

ε4

ω mω mpl

TRH Teq

(1)

(
!ω = f

DM
!

DM
↓ 0.25↑ f

DM

)
, !ω ↓ 10

→5 ↑”Ne! , !ω ↫ few↑ 10
→2 ,

(
mω → eV

)
(2)

!ω ↔ ϑω/ϑcr
∣∣
0
→ 1 , mω ↗ TRH =↘ f

DM
≃ e→2mω/TRH , largely unconstrained for f

DM
↫ 10

→2
(3)

Eω ↓ 300 K ↓ 25 meV → typical thresholds , ”Ee ↓ Tω ve ↓ µeV↑
(

Tω

TCMB

)(
ve
εem

)
, ω ϖ (4)

equivalence principle tests: gSM ↫ 10
→2 ↑ me

mpl

↓ 10
→24 , e, p , e↑ , gSM (5)

L ↓ ϱ

2
F ↑
µε F

µε ⇐ jµω A↑
µ ⇐ jµ

em
Aµ

A→↓A→
+ϑA⇐⇐⇐⇐⇐⇐⇐⇒ L ↓ ⇐jµω

(
A↑

µ + ϱAµ
)
⇐ jµ

em
Aµ (6)

e qω = ϱ↑ e↑ , jout ↓ nω Dω/ςvir ↓ nω vth
(
ςth/ςvir

)
, Dω = di#usion coe$cient , (7)

q1
q2

=
A1

A2

=
r2
1

r2
2

=↘ E1

E2

=
q1/r21
q2/r22

= 1 =↘ Ein = 0 , r1 r2 ,

∮
dω ·E = 0 =↘ Ein = 0 , Ein ⇑= 0? , ? (8)

null observation =↘ E ≃ r→2 (1±10
↑9

) , φ ≃ e→mεr

r
, ⇓ ·E = ϑ⇐m2

ϖ φ , φ0 = constant , (9)

ϑe! ⇔ ⇐m2

ϖ φ0 (10)

Ein ↓ ϑe! r , voltage φ0 ↓ 3 kV driven at frequency ↼0 ↓ 2 Hz (11)

limited by thermal fluctuations ”φshells ↓ 10
→6

V , ϑω ⇔ ⇐m2

D φ0 , Ein ↓ ϑω r (12)

ω , ϑω ⇔ eqω (nω/2)
(
e→eqωϱ0/Tω ⇐ eeqωϱ0/Tω

)
, eqω φ0 → Tω =↘ ϑω ⇔ ⇐ (eqω)2 nω

Tω
φ0 ↔ ⇐m2

D φ0 (13)

mϖ ↖ mD , Vdrift ⇔
eqω E0

mω %coll.

, eqω φ0 ↗ Tω =↘ ϑω ↓ ⇐m2

D φ0 ↑
t

R2

0
/Dω

(14)

di#usion coe$cient Dω ↓ Tω

mω %coll.

↓ ςmfp vth , mϖ ↖ mD ↑ enhancement , φ0 e
iς0t , ↽0 (15)

ϑω ≃ exp

(
⇐

√
x2/2Dω

↽→1

0

)
(16)

lower frequency preferred
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1773 
Cavendish

1873 
Maxwell

freq.

1

ω± , qω → 1 , f
DM

↭ 10
→10 ↑ (mω/GeV)

2 , f
DM

↓ e→2mω/TRH

ε4

ω mω mpl

TRH Teq

(1)

(
!ω = f

DM
!

DM
↓ 0.25↑ f

DM

)
, !ω ↓ 10

→5 ↑”Ne! , !ω ↫ few↑ 10
→2 ,

(
mω → eV

)
(2)

!ω ↔ ϑω/ϑcr
∣∣
0
→ 1 , mω ↗ TRH =↘ f

DM
≃ e→2mω/TRH , largely unconstrained for f

DM
↫ 10

→2
(3)

Eω ↓ 300 K ↓ 25 meV → typical thresholds , ”Ee ↓ Tω ve ↓ µeV↑
(

Tω

TCMB

)(
ve
εem

)
, ω ϖ (4)

equivalence principle tests: gSM ↫ 10
→2 ↑ me

mpl

↓ 10
→24 , e, p , e↑ , gSM (5)

L ↓ ϱ

2
F ↑
µε F

µε ⇐ jµω A↑
µ ⇐ jµ

em
Aµ

A→↓A→
+ϑA⇐⇐⇐⇐⇐⇐⇐⇒ L ↓ ⇐jµω

(
A↑

µ + ϱAµ
)
⇐ jµ

em
Aµ (6)

e qω = ϱ↑ e↑ , jout ↓ nω Dω/ςvir ↓ nω vth
(
ςth/ςvir

)
, Dω = di#usion coe$cient , (7)

q1
q2

=
A1

A2

=
r2
1

r2
2

=↘ E1

E2

=
q1/r21
q2/r22

= 1 =↘ Ein = 0 , r1 r2 ,

∮
dω ·E = 0 =↘ Ein = 0 , Ein ⇑= 0? , ? (8)

null observation =↘ E ≃ r→2 (1±10
↑9

) , φ ≃ e→mεr

r
, ⇓ ·E = ϑ⇐m2

ϖ φ , φ0 = constant , ϑe! ⇔ m2

ϖ φ0 (9)

Ein ↓ ϑe! r , voltage φ0 ↓ 3 kV driven at frequency ↼0 ↓ 2 Hz (10)

limited by thermal fluctuations ”φshells ↓ 10
→6

V (11)

(12)

author (year) frequency r→2(1±n) mω [eV]

Cavendish (1773) → Hz 10
→2

10
→7

Maxwell (1873) → Hz 10
→4

10
→8

Plimpton & Lawton (1936) ↑ Hz 10
→9

10
→11

Cochran & Franken (1967) ↑ kHz 10
→11

10
→12

Bartlett et al. (1970) ↑ kHz 10
→13

10
→13

Williams et al. (1971) ↑ MHz 10
→16

10
→14

1

ω± , qω → 1 , f
DM

↭ 10
→10 ↑ (mω/GeV)

2 , f
DM

↓ e→2mω/TRH

ε4

ω mω mpl

TRH Teq

(1)

(
!ω = f

DM
!

DM
↓ 0.25↑ f

DM

)
, !ω ↓ 10

→5 ↑”Ne! , !ω ↫ few↑ 10
→2 ,

(
mω → eV

)
(2)

!ω ↔ ϑω/ϑcr
∣∣
0
→ 1 , mω ↗ TRH =↘ f

DM
≃ e→2mω/TRH , largely unconstrained for f

DM
↫ 10

→2
(3)

Eω ↓ 300 K ↓ 25 meV → typical thresholds , ”Ee ↓ Tω ve ↓ µeV↑
(

Tω

TCMB

)(
ve
εem

)
, ω ϖ (4)

equivalence principle tests: gSM ↫ 10
→2 ↑ me

mpl

↓ 10
→24 , e, p , e↑ , gSM (5)

L ↓ ϱ

2
F ↑
µε F

µε ⇐ jµω A↑
µ ⇐ jµ

em
Aµ

A→↓A→
+ϑA⇐⇐⇐⇐⇐⇐⇐⇒ L ↓ ⇐jµω

(
A↑

µ + ϱAµ
)
⇐ jµ

em
Aµ (6)

e qω = ϱ↑ e↑ , jout ↓ nω Dω/ςvir ↓ nω vth
(
ςth/ςvir

)
, Dω = di#usion coe$cient , (7)

q1
q2

=
A1

A2

=
r2
1

r2
2

=↘ E1

E2

=
q1/r21
q2/r22

= 1 =↘ Ein = 0 , r1 r2 ,

∮
dω ·E = 0 =↘ Ein = 0 , Ein ⇑= 0? , ? (8)

null observation =↘ E ≃ r→2 (1±10
↑9

) , φ ≃ e→mεr

r
, ⇓ ·E = ϑ⇐m2

ϖ φ , φ0 = constant , ϑe! ⇔ m2

ϖ φ0 (9)

Ein ↓ ϑe! r , voltage φ0 ↓ 3 kV driven at frequency ↼0 ↓ 2 Hz (10)

limited by thermal fluctuations ”φshells ↓ 10
→6

V (11)

(12)

author (year) frequency r→2(1±n) mω [eV]

Cavendish (1773) → Hz ↑ 10
→2 ↑ 10

→7

Maxwell (1873) → Hz 10
→4

10
→8

Plimpton & Lawton (1936) ↑ Hz 10
→9

10
→11

Cochran & Franken (1967) ↑ kHz 10
→11

10
→12

Bartlett et al. (1970) ↑ kHz 10
→13

10
→13

Williams et al. (1971) ↑ MHz 10
→16

10
→14

1

ω± , qω → 1 , f
DM

↭ 10
→10 ↑ (mω/GeV)

2 , f
DM

↓ e→2mω/TRH

ε4

ω mω mpl

TRH Teq

(1)

(
!ω = f

DM
!

DM
↓ 0.25↑ f

DM

)
, !ω ↓ 10

→5 ↑”Ne! , !ω ↫ few↑ 10
→2 ,

(
mω → eV

)
(2)

!ω ↔ ϑω/ϑcr
∣∣
0
→ 1 , mω ↗ TRH =↘ f

DM
≃ e→2mω/TRH , largely unconstrained for f

DM
↫ 10

→2
(3)

Eω ↓ 300 K ↓ 25 meV → typical thresholds , ”Ee ↓ Tω ve ↓ µeV↑
(

Tω

TCMB

)(
ve
εem

)
, ω ϖ (4)

equivalence principle tests: gSM ↫ 10
→2 ↑ me

mpl

↓ 10
→24 , e, p , e↑ , gSM (5)

L ↓ ϱ

2
F ↑
µε F

µε ⇐ jµω A↑
µ ⇐ jµ

em
Aµ

A→↓A→
+ϑA⇐⇐⇐⇐⇐⇐⇐⇒ L ↓ ⇐jµω

(
A↑

µ + ϱAµ
)
⇐ jµ

em
Aµ (6)

e qω = ϱ↑ e↑ , jout ↓ nω Dω/ςvir ↓ nω vth
(
ςth/ςvir

)
, Dω = di#usion coe$cient , (7)

q1
q2

=
A1

A2

=
r2
1

r2
2

=↘ E1

E2

=
q1/r21
q2/r22

= 1 =↘ Ein = 0 , r1 r2 ,

∮
dω ·E = 0 =↘ Ein = 0 , Ein ⇑= 0? , ? (8)

null observation =↘ E ≃ r→2 (1±10
↑9

) , φ ≃ e→mεr

r
, ⇓ ·E = ϑ⇐m2

ϖ φ , φ0 = constant , ϑe! ⇔ m2

ϖ φ0 (9)

Ein ↓ ϑe! r , voltage φ0 ↓ 3 kV driven at frequency ↼0 ↓ 2 Hz (10)

limited by thermal fluctuations ”φshells ↓ 10
→6

V (11)

(12)

author (year) frequency r→2(1±n) mω [eV]

Cavendish (1773) → Hz ↑ 10
→2 ↑ 10

→7

Maxwell (1873) → Hz 10
→4

10
→8

Plimpton & Lawton (1936) ↑ Hz 10
→9

10
→11

Cochran & Franken (1967) ↑ kHz 10
→11

10
→12

Bartlett et al. (1970) ↑ kHz 10
→13

10
→13

Williams et al. (1971) ↑ MHz 10
→16

10
→14

1

ω± , qω → 1 , f
DM

↭ 10
→10 ↑ (mω/GeV)

2 , f
DM

↓ e→2mω/TRH

ε4

ω mω mpl

TRH Teq

(1)

(
!ω = f

DM
!

DM
↓ 0.25↑ f

DM

)
, !ω ↓ 10

→5 ↑”Ne! , !ω ↫ few↑ 10
→2 ,

(
mω → eV

)
(2)

!ω ↔ ϑω/ϑcr
∣∣
0
→ 1 , mω ↗ TRH =↘ f

DM
≃ e→2mω/TRH , largely unconstrained for f

DM
↫ 10

→2
(3)

Eω ↓ 300 K ↓ 25 meV → typical thresholds , ”Ee ↓ Tω ve ↓ µeV↑
(

Tω

TCMB

)(
ve
εem

)
, ω ϖ (4)

equivalence principle tests: gSM ↫ 10
→2 ↑ me

mpl

↓ 10
→24 , e, p , e↑ , gSM (5)

L ↓ ϱ

2
F ↑
µε F

µε ⇐ jµω A↑
µ ⇐ jµ

em
Aµ

A→↓A→
+ϑA⇐⇐⇐⇐⇐⇐⇐⇒ L ↓ ⇐jµω

(
A↑

µ + ϱAµ
)
⇐ jµ

em
Aµ (6)

e qω = ϱ↑ e↑ , jout ↓ nω Dω/ςvir ↓ nω vth
(
ςth/ςvir

)
, Dω = di#usion coe$cient , (7)

q1
q2

=
A1

A2

=
r2
1

r2
2

=↘ E1

E2

=
q1/r21
q2/r22

= 1 =↘ Ein = 0 , r1 r2 ,

∮
dω ·E = 0 =↘ Ein = 0 , Ein ⇑= 0? , ? (8)

null observation =↘ E ≃ r→2 (1±10
↑9

) , φ ≃ e→mεr

r
, ⇓ ·E = ϑ⇐m2

ϖ φ , φ0 = constant , ϑe! ⇔ m2

ϖ φ0 (9)

Ein ↓ ϑe! r , voltage φ0 ↓ 3 kV driven at frequency ↼0 ↓ 2 Hz (10)

limited by thermal fluctuations ”φshells ↓ 10
→6

V (11)

(12)

author (year) frequency r→2(1±n) mω [eV]

Cavendish (1773) → Hz ↑ 10
→2 ↑ 10

→7

Maxwell (1873) → Hz 10
→4

10
→8

Plimpton & Lawton (1936) ↑ Hz 10
→9

10
→11

Cochran & Franken (1967) ↑ kHz 10
→11

10
→12

Bartlett et al. (1970) ↑ kHz 10
→13

10
→13

Williams et al. (1971) ↑ MHz 10
→16

10
→14

1

ω± , qω → 1 , f
DM

↭ 10
→10 ↑ (mω/GeV)

2 , f
DM

↓ e→2mω/TRH

ε4

ω mω mpl

TRH Teq

(1)

(
!ω = f

DM
!

DM
↓ 0.25↑ f

DM

)
, !ω ↓ 10

→5 ↑”Ne! , !ω ↫ few↑ 10
→2 ,

(
mω → eV

)
(2)

!ω ↔ ϑω/ϑcr
∣∣
0
→ 1 , mω ↗ TRH =↘ f

DM
≃ e→2mω/TRH , largely unconstrained for f

DM
↫ 10

→2
(3)

Eω ↓ 300 K ↓ 25 meV → typical thresholds , ”Ee ↓ Tω ve ↓ µeV↑
(

Tω

TCMB

)(
ve
εem

)
, ω ϖ (4)

equivalence principle tests: gSM ↫ 10
→2 ↑ me

mpl

↓ 10
→24 , e, p , e↑ , gSM (5)

L ↓ ϱ

2
F ↑
µε F

µε ⇐ jµω A↑
µ ⇐ jµ

em
Aµ

A→↓A→
+ϑA⇐⇐⇐⇐⇐⇐⇐⇒ L ↓ ⇐jµω

(
A↑

µ + ϱAµ
)
⇐ jµ

em
Aµ (6)

e qω = ϱ↑ e↑ , jout ↓ nω Dω/ςvir ↓ nω vth
(
ςth/ςvir

)
, Dω = di#usion coe$cient , (7)

q1
q2

=
A1

A2

=
r2
1

r2
2

=↘ E1

E2

=
q1/r21
q2/r22

= 1 =↘ Ein = 0 , r1 r2 ,

∮
dω ·E = 0 =↘ Ein = 0 , Ein ⇑= 0? , ? (8)

null observation =↘ E ≃ r→2 (1±10
↑9

) , φ ≃ e→mεr

r
, ⇓ ·E = ϑ⇐m2

ϖ φ , φ0 = constant , ϑe! ⇔ m2

ϖ φ0 (9)

Ein ↓ ϑe! r , voltage φ0 ↓ 3 kV driven at frequency ↼0 ↓ 2 Hz (10)

limited by thermal fluctuations ”φshells ↓ 10
→6

V (11)

(12)

author (year) frequency r→2(1±n) mω [eV]

Cavendish (1773) → Hz ↑ 10
→2 ↑ 10

→7

Maxwell (1873) → Hz ↑ 10
→4 ↑ 10

→8

Plimpton & Lawton (1936) ↑ Hz 10
→9

10
→11

Cochran & Franken (1967) ↑ kHz 10
→11

10
→12

Bartlett et al. (1970) ↑ kHz 10
→13

10
→13

Williams et al. (1971) ↑ MHz 10
→16

10
→14

1

ω± , qω → 1 , f
DM

↭ 10
→10 ↑ (mω/GeV)

2 , f
DM

↓ e→2mω/TRH

ε4

ω mω mpl

TRH Teq

(1)

(
!ω = f

DM
!

DM
↓ 0.25↑ f

DM

)
, !ω ↓ 10

→5 ↑”Ne! , !ω ↫ few↑ 10
→2 ,

(
mω → eV

)
(2)

!ω ↔ ϑω/ϑcr
∣∣
0
→ 1 , mω ↗ TRH =↘ f

DM
≃ e→2mω/TRH , largely unconstrained for f

DM
↫ 10

→2
(3)

Eω ↓ 300 K ↓ 25 meV → typical thresholds , ”Ee ↓ Tω ve ↓ µeV↑
(

Tω

TCMB

)(
ve
εem

)
, ω ϖ (4)

equivalence principle tests: gSM ↫ 10
→2 ↑ me

mpl

↓ 10
→24 , e, p , e↑ , gSM (5)

L ↓ ϱ

2
F ↑
µε F

µε ⇐ jµω A↑
µ ⇐ jµ

em
Aµ

A→↓A→
+ϑA⇐⇐⇐⇐⇐⇐⇐⇒ L ↓ ⇐jµω

(
A↑

µ + ϱAµ
)
⇐ jµ

em
Aµ (6)

e qω = ϱ↑ e↑ , jout ↓ nω Dω/ςvir ↓ nω vth
(
ςth/ςvir

)
, Dω = di#usion coe$cient , (7)

q1
q2

=
A1

A2

=
r2
1

r2
2

=↘ E1

E2

=
q1/r21
q2/r22

= 1 =↘ Ein = 0 , r1 r2 ,

∮
dω ·E = 0 =↘ Ein = 0 , Ein ⇑= 0? , ? (8)

null observation =↘ E ≃ r→2 (1±10
↑9

) , φ ≃ e→mεr

r
, ⇓ ·E = ϑ⇐m2

ϖ φ , φ0 = constant , ϑe! ⇔ m2

ϖ φ0 (9)

Ein ↓ ϑe! r , voltage φ0 ↓ 3 kV driven at frequency ↼0 ↓ 2 Hz (10)

limited by thermal fluctuations ”φshells ↓ 10
→6

V (11)

(12)

author (year) frequency r→2(1±n) mω [eV]

Cavendish (1773) → Hz ↑ 10
→2 ↑ 10

→7

Maxwell (1873) → Hz ↑ 10
→4 ↑ 10

→8

Plimpton & Lawton (1936) ↑ Hz 10
→9

10
→11

Cochran & Franken (1967) ↑ kHz 10
→11

10
→12

Bartlett et al. (1970) ↑ kHz 10
→13

10
→13

Williams et al. (1971) ↑ MHz 10
→16

10
→14

1936 
Plimpton & Lawton

1

ω± , qω → 1 , f
DM

↭ 10
→10 ↑ (mω/GeV)

2 , f
DM

↓ e→2mω/TRH

ε4

ω mω mpl

TRH Teq

(1)

(
!ω = f

DM
!

DM
↓ 0.25↑ f

DM

)
, !ω ↓ 10

→5 ↑”Ne! , !ω ↫ few↑ 10
→2 ,

(
mω → eV

)
(2)

!ω ↔ ϑω/ϑcr
∣∣
0
→ 1 , mω ↗ TRH =↘ f

DM
≃ e→2mω/TRH , largely unconstrained for f

DM
↫ 10

→2
(3)

Eω ↓ 300 K ↓ 25 meV → typical thresholds , ”Ee ↓ Tω ve ↓ µeV↑
(

Tω

TCMB

)(
ve
εem

)
, ω ϖ (4)

equivalence principle tests: gSM ↫ 10
→2 ↑ me

mpl

↓ 10
→24 , e, p , e↑ , gSM (5)

L ↓ ϱ

2
F ↑
µε F

µε ⇐ jµω A↑
µ ⇐ jµ

em
Aµ

A→↓A→
+ϑA⇐⇐⇐⇐⇐⇐⇐⇒ L ↓ ⇐jµω

(
A↑

µ + ϱAµ
)
⇐ jµ

em
Aµ (6)

e qω = ϱ↑ e↑ , jout ↓ nω Dω/ςvir ↓ nω vth
(
ςth/ςvir

)
, Dω = di#usion coe$cient , (7)

q1
q2

=
A1

A2

=
r2
1

r2
2

=↘ E1

E2

=
q1/r21
q2/r22

= 1 =↘ Ein = 0 , r1 r2 ,

∮
dω ·E = 0 =↘ Ein = 0 , Ein ⇑= 0? , ? (8)

null observation =↘ E ≃ r→2 (1±10
↑9

) , φ ≃ e→mεr

r
, ⇓ ·E = ϑ⇐m2

ϖ φ , φ0 = constant , ϑe! ⇔ m2

ϖ φ0 (9)

Ein ↓ ϑe! r , voltage φ0 ↓ 3 kV driven at frequency ↼0 ↓ 2 Hz (10)

limited by thermal fluctuations ”φshells ↓ 10
→6

V (11)

(12)

author (year) frequency r→2(1±n) mω [eV]

Cavendish (1773) → Hz ↑ 10
→2 ↑ 10

→7

Maxwell (1873) → Hz ↑ 10
→4 ↑ 10

→8

Plimpton & Lawton (1936) ↑ Hz 10
→9

10
→11

Cochran & Franken (1967) ↑ kHz 10
→11

10
→12

Bartlett et al. (1970) ↑ kHz 10
→13

10
→13

Williams et al. (1971) ↑ MHz 10
→16

10
→14

1

ω± , qω → 1 , f
DM

↭ 10
→10 ↑ (mω/GeV)

2 , f
DM

↓ e→2mω/TRH

ε4

ω mω mpl

TRH Teq

(1)

(
!ω = f

DM
!

DM
↓ 0.25↑ f

DM

)
, !ω ↓ 10

→5 ↑”Ne! , !ω ↫ few↑ 10
→2 ,

(
mω → eV

)
(2)

!ω ↔ ϑω/ϑcr
∣∣
0
→ 1 , mω ↗ TRH =↘ f

DM
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Historical Summary

Cavendish + Millicharges

2025 
?

How to optimize with a dedicated setup?

(same noise levels as in 1936!)
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Cavendish Tests of Millicharged Relics

Outlook

• Terrestrial overdensities of dark matter subcomponents. 

• Large gaps in coverage motivate alternative detection strategies.  

• Old experiments provide powerful limits. 

• Simple dedicated setups can probe unexplored theory space. 

• Application to other models? Better analogous tests?
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