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New Long-Ranged Forces

at low-energy and laboratory-distances:

χ

χ

γ

type !
signal

B Q T

ADMX, DM Radio oscillating field ma 10 T 104 � 106 10 mK � 100 mK

SRF cavity static field GHz 0.2 T 1010 � 1012 2 K

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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How can this interaction arise?
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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.

⇢�(x, t) ' 1

2
eq� n�

1X

j=0

(�1)j
Z

d3xi d
3

v f(v) �3(x� x

(j)
traj.

) (123)

⇢�(x, t) ' � (eq�)
2⇢DM

m2

�

ei!t

Z
dv d3x0 f

✓
v

x� x

0

|x� x

0|
◆

⇢
def

(x0)

|x� x

0| e
�i!|x�x

0|/v (124)

e0 . 10�7 ⇥
⇣ m�

keV

⌘
3/4

� =) q� ⇠ ✏ Q0 e0/e =) Q0 e0 . 10�7 ⇥
⇣ m�

keV

⌘
3/4

e q� (125)

✏ (126)

6

(     << 1)



New Long-Ranged Forces

What particle physics governs most of the matter in the universe?

The visible universe is governed by a rich spectrum of forces and particles.
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What particle physics governs most of the matter in the universe?

The visible universe is governed by a rich spectrum of forces and particles.

Generic to expect that dark matter couples to new long-ranged forces.
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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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New Long-Ranged Forces

What particle physics governs most of the matter in the universe?

The visible universe is governed by a rich spectrum of forces and particles.

Generic to expect that dark matter couples to new long-ranged forces.
Do they couple to normal matter?
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New Long-Ranged Forces

What particle physics governs most of the matter in the universe?

The visible universe is governed by a rich spectrum of forces and particles.

Generic to expect that dark matter couples to new long-ranged forces.
Do they couple to normal matter?
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New Long-Ranged Forces

What particle physics governs most of the matter in the universe?

The visible universe is governed by a rich spectrum of forces and particles.

Generic to expect that dark matter couples to new long-ranged forces.
Do they couple to normal matter?
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New Long-Ranged Forces
at low-energy and laboratory-distances:

χ

χ

γ

type !
signal

B Q T

ADMX, DM Radio oscillating field ma 10 T 104 � 106 10 mK � 100 mK

SRF cavity static field GHz 0.2 T 1010 � 1012 2 K

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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How is this cosmologically viable/motivated?

“freeze-in” 
• produced from interactions with normal matter 
• cosmologically viable down to keV-scale masses 

“millicharged”



Millicharged Dark Matter
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Millicharged Dark Matter

small mass → small momentum → easier to manipulate
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shielded deflector shielded detector
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Direct Deflection

(similar to “light-shining-through-wall” experiments)

resonantly detect a small 
DM-induced oscillating 

electric field
DM wind

drive a large  
oscillating electric field

induce disturbances 
in the DM phase-space

wind-blowing
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shielded deflector shielded detector

�±

v�

Direct Deflection

resonantly detect a small 
DM-induced oscillating 

electric field

drive a large  
oscillating electric field

DM wind

Goal 
Induce and measure disturbances of the dark matter “fluid,” 

without relying on single-particle scattering. 

Advantages 
No kinematic barrier at small masses. 

Classical collective effects take advantage of the small inertia of the dark matter fluid.

induce disturbances 
in the DM phase-space
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Debye Screening

plasma screens test charge

-Q



Debye Screening

plasma screens interior of shield

-Q

electromagnetic shield



Debye Screening

-Q

velocity

electromagnetic shield

throw the shielded test charge through the plasma



velocity

Debye Screening

-Q

screening charges leak out

electromagnetic shield

source electric field outside shield



Debye Screening

-Q

dark matter charges leak out

galactic  
motion

(plasma = galactic dark matter)

electromagnetic shield
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LC Resonators
DM Radio  

(effective currents via ultralight DM)
Auriga  

(gravity waves)

no need to scan or operate down at kHz frequencies ⟹ Q > 106

resolve thermal noise
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Direct Deflection

Future Goals
• Induced daily modulation. 
• Electromagnetic focusing/trapping.  
• Optimal geometry for wind. 
• Deflection-detection for spin-coupled forces. 
• Cosmology of ultralight millicharges.

Take Away

• Inducing collective disturbances takes advantage of small dark matter inertia. 
• Enhanced reach at small masses. 
• Proposed setups could decisively test sub-MeV freeze-in benchmarks.
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• Electromagnetic focusing/trapping.  
• Optimal geometry for wind. 
• Deflection-detection for other forces. 
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• Inducing collective disturbances takes advantage of small dark matter inertia. 
• Enhanced reach at small masses. 
• Proposed setups could decisively test sub-MeV freeze-in benchmarks.
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Millicharge Cosmology
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Freeze-In
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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.

⇢�(x, t) ' 1

2
eq� n�

1X

j=0

(�1)j
Z

d3xi d
3

v f(v) �3(x� x

(j)
traj.

) (123)

⇢�(x, t) ' � (eq�)
2⇢DM

m2

�

ei!t

Z
dv d3x0 f

✓
v

x� x

0

|x� x

0|
◆

⇢
def

(x0)

|x� x

0| e
�i!|x�x

0|/v (124)

e0 . 10�7 ⇥
⇣ m�

keV

⌘
3/4

� (125)

6

type !
signal

B Q T

ADMX, DM Radio oscillating field ma 10 T 104 � 106 10 mK � 100 mK

SRF cavity static field GHz 0.2 T 1010 � 1012 2 K

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.

⇢�(x, t) ' 1

2
eq� n�

1X

j=0

(�1)j
Z

d3xi d
3

v f(v) �3(x� x

(j)
traj.

) (123)

⇢�(x, t) ' � (eq�)
2⇢DM

m2

�

ei!t

Z
dv d3x0 f

✓
v

x� x

0

|x� x

0|
◆

⇢
def

(x0)

|x� x

0| e
�i!|x�x

0|/v (124)

e0 . 10�7 ⇥
⇣ m�

keV

⌘
3/4

� (125)

6

type !
signal

B Q T

ADMX, DM Radio oscillating field ma 10 T 104 � 106 10 mK � 100 mK

SRF cavity static field GHz 0.2 T 1010 � 1012 2 K

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.

⇢�(x, t) ' 1

2
eq� n�

1X

j=0

(�1)j
Z

d3xi d
3

v f(v) �3(x� x

(j)
traj.

) (123)

⇢�(x, t) ' � (eq�)
2⇢DM

m2

�

ei!t

Z
dv d3x0 f

✓
v

x� x

0

|x� x

0|
◆

⇢
def

(x0)

|x� x

0| e
�i!|x�x

0|/v (124)

e0 . 10�7 ⇥
⇣ m�

keV

⌘
3/4

� q� ⇠ Q0 e0 (125)

6

type !
signal

B Q T

ADMX, DM Radio oscillating field ma 10 T 104 � 106 10 mK � 100 mK

SRF cavity static field GHz 0.2 T 1010 � 1012 2 K

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.

⇢�(x, t) ' 1

2
eq� n�

1X

j=0

(�1)j
Z

d3xi d
3

v f(v) �3(x� x

(j)
traj.

) (123)

⇢�(x, t) ' � (eq�)
2⇢DM

m2

�

ei!t

Z
dv d3x0 f

✓
v

x� x

0

|x� x

0|
◆

⇢
def

(x0)

|x� x

0| e
�i!|x�x

0|/v (124)

e0 . 10�7 ⇥
⇣ m�

keV

⌘
3/4

� q� ⇠ Q0 e0 ✏ (125)

6

type !
signal

B Q T

ADMX, DM Radio oscillating field ma 10 T 104 � 106 10 mK � 100 mK

SRF cavity static field GHz 0.2 T 1010 � 1012 2 K

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.

⇢�(x, t) ' 1

2
eq� n�

1X

j=0

(�1)j
Z

d3xi d
3

v f(v) �3(x� x

(j)
traj.

) (123)

⇢�(x, t) ' � (eq�)
2⇢DM

m2

�

ei!t

Z
dv d3x0 f

✓
v

x� x

0

|x� x

0|
◆

⇢
def

(x0)

|x� x

0| e
�i!|x�x

0|/v (124)

e0 . 10�7 ⇥
⇣ m�

keV

⌘
3/4

� =) q� ⇠ ✏ Q0 e0/e (125)

6

χχ

γ

χχ

γ

ee

e q � thermalizes =) in conflict with BBN and CMB (1)

� . H =) q . 10

�9

✓
max(m�,me)

MeV

◆1/2

(�� ! ee) (ee ! ��) (2)

�(ee ! ��) ⇠ ↵2
em q2

s
=) q ⇠ 10

�11
⇣ m�

MeV

⌘�1/2
(3)

L � � 1

4

F 2
µ⌫ � 1

4

F 02
µ⌫ +

1

2

m2
A0A02

µ +

✏

2

Fµ⌫F
0µ⌫

(4)

Aµ ! Aµ + ✏A0
µ , A0

µ ! 1p
1� ✏2

A0
µ =) L � � 1

4

F 2
µ⌫ � 1

4

F 02
µ⌫ +

1

2

m2
A0A02

µ +O(✏2) (5)

L � jµA
µ
+ j0µA

0µ
=) L � jµ(A

µ
+ ✏A0µ

) + j0µA
0µ
+O(✏2) (6)

mA0
= 0 =) L � � 1

4

F 2
vis �

1

4

F 2
inv + jµA

µ
vis + j0µ(A

µ
inv + ✏Aµ

vis) A0
(7)

1

e q ✏e0 � thermalizes =) in conflict with BBN and CMB ! (1)

� . H =) q . 10

�9

✓
max(m�,me)

MeV

◆1/2

(�� ! ee) (ee ! ��) (2)

�(ee ! ��) ⇠ ↵2
em q2

s
=) q ⇠ 10

�11
⇣ m�

MeV

⌘�1/2
(3)

L � � 1

4

F 2
µ⌫ � 1

4

F 02
µ⌫ +

1

2

m2
A0A02

µ +

✏

2

Fµ⌫F
0µ⌫

(4)

Aµ ! Aµ + ✏A0
µ , A0

µ ! 1p
1� ✏2

A0
µ =) L � � 1

4

F 2
µ⌫ � 1

4

F 02
µ⌫ +

1

2

m2
A0A02

µ +O(✏2) (5)

L � jµA
µ
+ j0µA

0µ
=) L � jµ(A

µ
+ ✏A0µ

) + j0µA
0µ
+O(✏2) (6)

mA0
= 0 =) L � � 1

4

F 2
vis �

1

4

F 2
inv + jµA

µ
vis + j0µ(A

µ
inv + ✏Aµ

vis) (7)

qe↵ ⇠ ✏e0/e for mA0 ⌧ 1/r (8)

(@2
+m2

A0)A0µ
= j0µ + ✏ jµ (9)

A0µ
= (�0, A0

) =)
(
(r2 � @2

t �m2
A0)�0

= �(⇢0 + ✏⇢)

(r2 � @2
t �m2

A0)A0
= �(j0 + ✏j)

(10)

⇢0 = 0 , ⇢ = e �3(x) =) �0
(r) =

✏ e

4⇡

e�mA0r

r
(11)

mA0 ⌧ p
s =) � ⇠ (e0✏e)2

s
⇠ (qe↵ e2)2

s
(12)

1

e q ✏e0 � thermalizes =) in conflict with BBN and CMB ! (1)

� . H =) q . 10

�9

✓
max(m�,me)

MeV

◆1/2

(�� ! ee) (ee ! ��) (2)

�(ee ! ��) ⇠ ↵2
em q2

s
=) q ⇠ 10

�11
⇣ m�

MeV

⌘�1/2
(3)

L � � 1

4

F 2
µ⌫ � 1

4

F 02
µ⌫ +

1

2

m2
A0A02

µ +

✏

2

Fµ⌫F
0µ⌫

(4)

Aµ ! Aµ + ✏A0
µ , A0

µ ! 1p
1� ✏2

A0
µ =) L � � 1

4

F 2
µ⌫ � 1

4

F 02
µ⌫ +

1

2

m2
A0A02

µ +O(✏2) (5)

L � jµA
µ
+ j0µA

0µ
=) L � jµ(A

µ
+ ✏A0µ

) + j0µA
0µ
+O(✏2) (6)

mA0
= 0 =) L � � 1

4

F 2
vis �

1

4

F 2
inv + jµA

µ
vis + j0µ(A

µ
inv + ✏Aµ

vis) (7)

qe↵ ⇠ ✏e0/e for mA0 ⌧ 1/r (8)

(@2
+m2

A0)A0µ
= j0µ + ✏ jµ (9)

A0µ
= (�0, A0

) =)
(
(r2 � @2

t �m2
A0)�0

= �(⇢0 + ✏⇢)

(r2 � @2
t �m2

A0)A0
= �(j0 + ✏j)

(10)

⇢0 = 0 , ⇢ = e �3(x) =) �0
(r) =

✏ e

4⇡

e�mA0r

r
(11)

mA0 ⌧ p
s =) � ⇠ (e0✏e)2

s
⇠ (qe↵ e2)2

s
(12)

1

e q ✏e0 � thermalizes =) in conflict with BBN and CMB ! (1)

� . H =) q . 10

�9

✓
max(m�,me)

MeV

◆1/2

(�� ! ee) (ee ! ��) (2)

�(ee ! ��) ⇠ ↵2
em q2

s
=) q ⇠ 10

�11
⇣ m�

MeV

⌘�1/2
(3)

L � � 1

4

F 2
µ⌫ � 1

4

F 02
µ⌫ +

1

2

m2
A0A02

µ +

✏

2

Fµ⌫F
0µ⌫

(4)

Aµ ! Aµ + ✏A0
µ , A0

µ ! 1p
1� ✏2

A0
µ =) L � � 1

4

F 2
µ⌫ � 1

4

F 02
µ⌫ +

1

2

m2
A0A02

µ +O(✏2) (5)

L � jµA
µ
+ j0µA

0µ
=) L � jµ(A

µ
+ ✏A0µ

) + j0µA
0µ
+O(✏2) (6)

mA0
= 0 =) L � � 1

4

F 2
vis �

1

4

F 2
inv + jµA

µ
vis + j0µ(A

µ
inv + ✏Aµ

vis) (7)

qe↵ ⇠ ✏e0/e for mA0 ⌧ 1/r (8)

(@2
+m2

A0)A0µ
= j0µ + ✏ jµ (9)

A0µ
= (�0, A0

) =)
(
(r2 � @2

t �m2
A0)�0

= �(⇢0 + ✏⇢)

(r2 � @2
t �m2

A0)A0
= �(j0 + ✏j)

(10)

⇢0 = 0 , ⇢ = e �3(x) =) �0
(r) =

✏ e

4⇡

e�mA0r

r
(11)

mA0 ⌧ p
s =) � ⇠ (e0✏e)2

s
⇠ (qe↵ e2)2

s
(12)

1

e q ✏e0 � thermalizes =) in conflict with BBN and CMB ! (1)

� . H =) q . 10

�9

✓
max(m�,me)

MeV

◆1/2

(�� ! ee) (ee ! ��) (2)

�(ee ! ��) ⇠ ↵2
em q2

s
=) q ⇠ 10

�11
⇣ m�

MeV

⌘�1/2
(3)

L � � 1

4

F 2
µ⌫ � 1

4

F 02
µ⌫ +

1

2

m2
A0A02

µ +

✏

2

Fµ⌫F
0µ⌫

(4)

Aµ ! Aµ + ✏A0
µ , A0

µ ! 1p
1� ✏2

A0
µ =) L � � 1

4

F 2
µ⌫ � 1

4

F 02
µ⌫ +

1

2

m2
A0A02

µ +O(✏2) (5)

L � jµA
µ
+ j0µA

0µ
=) L � jµ(A

µ
+ ✏A0µ

) + j0µA
0µ
+O(✏2) (6)

mA0
= 0 =) L � � 1

4

F 2
vis �

1

4

F 2
inv + jµA

µ
vis + j0µ(A

µ
inv + ✏Aµ

vis) (7)

qe↵ ⇠ ✏e0/e for mA0 ⌧ 1/r (8)

(@2
+m2

A0)A0µ
= j0µ + ✏ jµ (9)

A0µ
= (�0, A0

) =)
(
(r2 � @2

t �m2
A0)�0

= �(⇢0 + ✏⇢)

(r2 � @2
t �m2

A0)A0
= �(j0 + ✏j)

(10)

⇢0 = 0 , ⇢ = e �3(x) =) �0
(r) =

✏ e

4⇡

e�mA0r

r
(11)

mA0 ⌧ p
s =) � ⇠ (e0✏e)2

s
⇠ (qe↵ e2)2

s
(12)

1

type !
signal

B Q T

ADMX, DM Radio oscillating field ma 10 T 104 � 106 10 mK � 100 mK

SRF cavity static field GHz 0.2 T 1010 � 1012 2 K

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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. keV m
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⌧ meter�1 (75)
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Non-Adiabatic Debye Screening
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direct detection for mDM ⇠ keV (73)
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force
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detectability =) m
force

. keV m
force

⌧ meter�1 (75)

stellar cooling + fifth forces =) force induces weak coupling of DM to electromagnetism (76)
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4

LC circuit

(DM Radio, Auriga)



Debye Screening
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Debye Screening
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Non-Adiabatic Debye Screening
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LC Resonators
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LPU
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SQUID

LIn

= DM Radio, Auriga…
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(q ⌧ 1) (m� . MeV)
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Avis = A+ ✏A0

Ainv = A0 � ✏A
(48)

(mA0 6= 0) (49)
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Reach Summary

transition when 

(long phase coherence) ⇠ QBsig Avis Ainv ! L (33)

amp. ⇠ hAinv,T|Avis,Ti2 ⇠ ✏2 m4
A0 L2/!2 (34)
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A0/!2 (35)

total penalty ⇠ v3� ⇠ 10�9 compensated by
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Noise/Systematics

• SQUID noise
imprecision, backaction

(sub-dominant,  
1411.7382 & 1803.01627)

• deflector noise
magnetic, electric

(sub-dominant)

handles: directional dependence, daily modulation
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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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6

(ray tracing)

“deflector”

(weak coupling)

reduces to standard Debye screening 
when there’s no preferred direction

type !
signal

B Q T

ADMX, DM Radio static field ma 10 T 104 � 106 10 mK � 100 mK

SRF cavity oscillating field GHz 0.2 T 1010 � 1012 2 K

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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6

(ray tracing)

“deflector”

(weak coupling)

suppression when DM transit time 
is much longer than period of oscillation

type !
signal

B Q T

ADMX, DM Radio static field ma 10 T 104 � 106 10 mK � 100 mK

SRF cavity oscillating field GHz 0.2 T 1010 � 1012 2 K

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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