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The Dark Matter Landscape

Thermal freeze-out
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The Dark Matter Landscape

Freeze-in

Bosonic DM Thermal freeze-out

1072 eV pueV ~ meV eV keV MeV  GeV  TeV PeV  EeV 30 Mg
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The Dark Matter Landscape

T |S TALK Freeze-in

Bosonic Thermal freeze-out

1072 eV pueV ~ meV eV keV MeV  GeV  TeV PeV  EeV 30 Mg

Focus of this talk
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The experimental landscape

T |S TA K Freeze-in
Bosonic Thermal freeze-out
107* eV pueV  meV eV keV. MeV  GeV  TeV
- Torsion Balances - Direct Detection
 Interferometry - Beam Dumps
------ - NMR « LLP Searches
COS MIC
VVISPERS - Resonant (e.qg. FASER)
Cavities « Direct LHC
- LStW production

Collective Effects Particle Effects
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Astrophysics

Macroscopic
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Experimental techniques > keV: particle effects

T |S TALK Freeze-in

Bosonic Thermal freeze-out

107*2 eV pueV ~ meV eV keV. MeV  GeV  TeV

Nuclear recoils:

quickly drops below threshold for s
sub-GeV DM mass
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Experimental techniques « keV: collective effects

T |S TALK Freeze-in

Bosonic Thermal freeze-out

1072 eV pueV ~ meV eV keV MeV  GeV  TeV PeV  EeV 30 Mg
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A General Approach

Sub-keV particle DM — low recoll
Assume interacts via long-range mediator

D D
@@G—U’
Dp®

Sebastian A. R. Ellis — Direct Deflection of Particle Dark Matter June 27,2023




A General Approach

Interaction-dependent

Deflector
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A General Approach

Coherent effect induced

Deflector
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A General Approach

Coherent effect induced

Deflector

Effect magnitude set by deflector, not DM
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A General Approach

Coherent flow into detector

Deflector Detector
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A General Approach

Measure coherent effect

Deflector Detector
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A General Approach

Deflector Detector

Makes use of large number density at low DM mass

Advantage: re

- ala a Y alaVYaVada a -
v v w A4 \

requires low-mass mediator
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A Concrete Example: (Effectively) Millicharged DM

Q@ —»>
Deflector Receiver
EM field region Magnetometer/Voltmeter
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Dark Matter coupled to a Dark Photon
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Dark Photon Mass?

mHz Hz kHz MHz GHz THz eV keV
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Key Implication

rotation:

(L
AM%AM—I—eA;L & A;%\/l—ez
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When SM charges set up a visible EM field,
also set up a macroscopic hidden field

c.f.true milliQ: £ D eA, (Jhn + GesiJhy)  der = —=
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Deflecting and Detecting Millicharged* Dark Matter

shielded deflector shielded detector
Ix
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*and effectively millicharged
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Inducing Dark Matter Waves

shielded deflector

BIRS WUX/R ~ MHz X% (R/meter)_1

quasi-static limit
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Charge Density Calculation

Debye Screening of a potential in a thermal plasma: 7= (m,/3) (v*) ~ (m, /2)v3
(eqeﬁ)ngDM ¢def(X)

Py (X) = - T
X
D
2a® O O
DM charges GV\Q ﬂ/
attempt to screen Gdef(X) ~ €qaet/ |X]

deflector charge /@ \
dde f

Wp K< W

No backreaction

But, potential is shielded — need exact computation of this effect
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Charge Density Calculation w/ Shield

Resultant charge density:

2 /
(eqeff) Pom ezwt /d?] dSX/ f(?] ‘,\/_) /Odef(X) e—zw|x—x | /v . x—X

V= /
mi x — x| = x|

Py (X, t) =

—xpand in multipole moments — first non-zero is charge radius
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de 1 Pow i oy
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X
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Comparison w/ Debye estimate

Charge Density

| Pebye (X) | (qu! )2 | om  EWef (X)

#!Il

Deby
#
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mévg x|

Suppression due to charge radius:
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Effect vanishes in limit where Vwing ! O
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Current density

Calculation proceeds in same manner as for charge density

Current Density "j- ! j=°™%

Jr (X) 1 1y (X) Vwind

Compare with Debye estimate:

. Debye | | Debye
| - - |

J . Vwind

Current density velocity-suppressed

B-field signal therefore suppressed
w.r.t. E-field signal
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Detecting Dark Matter Waves

Sebastian A. R. Ellis — Direct Deflection of Particle Dark Matter

Oscillation of deflector induces oscillation of
charge and current densities in detector:

L@t e Mg e

Recall requirement

w S muy /R~ MHz X (R/meter) "

Solution: Lumped LC Resonator

1 §
| = L
LC Te

?

Ring up signal over Q cycles .
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Detecting Dark Matter Waves

Since E-field signal dominant, capacitative pickup optimal

1
Us=  =ZIE?
v 2 by shielded volume

Effective volume of capacitor/antenna — bounded

5 1B~ . . .
Us = =LI = = Effective volume of inductor — many coils
2 v 2 M
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Signal to Noise

: T 4
' Q tint d®x (EZ or B2) " !

SNR!
4T|_C det M

Unpack this expression

Thermal (Johnson-Nyquist) noise limited power spectral

4Ric Tic density
Vi c"* # % | d d*x E7 Signal voltage power spectral density (E-field)
et
| ny 1
SNR = Vic SNR is ratio of PSDs Qic |

ARic Tic ' CieRic
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Signal to Noise

: u
I Ot;
4T|_C det ' ' M

SNR |

Unpack this expression

' Q resonant detector allows ring-up of signal over Q cycles

e.g. AURIGA searching for Grav. Waves — achieved Q~106
DM Radio planning on Q=10¢

' Tint requires coherence time > integration time
achieved by phase-locking deflectorto e.qg. NIST atomic clock

phase can drift small amounts: Pg! 1" O(I" #)
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Outlook

For DM masses < MeV — Non-Thermal History
Such models may be accompanied by an ultralight mediator

Active Direct Detection through two-step process:

Deflector Detector
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Charge Density Calculation w/ Shield

Charge density as sum of charges:
! 1

L (x,t)=eq ('L dPvii(x,v,t)
j =0
| 1 |
%qu! n, (1 1) dx; APy F(vi) " (X Xger(t; Xi, Vi)
j =0

reat effect of deflector as small perturbation:

Xdef ! Xfree T ! Xdef » Vdef ! Viee ¥ ! Vet Xree () I Xj + V(1" to) , Viee(t) ! V;
v 1\ € : g
| Xdef(t) | ( 1)J W dt! dt” Edef(Xfree(t!)) el t

to<t '<t " <t
EM force, neglecting v: -suppressed B- beld effect
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Effect of the Dark Matter Wind

L (x,t) 1 = ¢ tDenye

Ol N

Vo # 220 km%
1| o # 058 220kmes

. #5408

t 1day"
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Recall that charge and current density zero without wind |

| Vwind

Vo

Far-Peld limit
T c2 # n $ n 22\ mn 2 (% T T e
)+ €W " 2ca (1" g sz erfc(" cy")
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Effect of the Dark Matter Wind

- : : © Viind
Recall that charge and current density zero without wind Y
Far-Peld limit
2 | R : | i | $ (% ¢
ot g e e o 2,1 )+ TG0 ) S erfe(” au)
Vo # 220 km% 4 0.000:
. &#o.w 220kmog :
B 2 |
@
> X o
¥ >
2
o A Vo=1.5! 220 km/s\
| | -\
0 0.5 1 A . .y,
t Iday" X/R
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Effect of the Dark Matter Wind

L (x,t) 1 = ¢ tDenye

Ol N

IX]

Recall that charge and current density zero without wind !

. R 3

Vo # 220 km%
1| Lo # 0.5 220kme

#5408

t !day"
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Sensitive to both wind and dispersion

Daily modulation of signal:

T
deflector sidereal
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