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Cosmological Subcomponents

@x = px/Per | < D

Dark Matter Subcomponent

(QX — fDM QDM ~ 0.25 X fDM)

Why a subcomponent?

C fou ~ 1isspecial | f,., # O(1) is generic , f,,, < 1 is generic and Vi&bl@)
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Cosmological Subcomponents

(Qx = px/Per | < D

Dark Matter Subcomponent
(QX — fDM QDM ~ 0.25 X fDM)

° Thermal Relic

fDM z 10710 x (mX/GeV)2 (perturbative unitarity)

Griest, Kamionkowski, Phys. Rev. Lett. (1990)

° Low Reheat
fDM X 6_2mX/TRH (mx > TRH)

Berlin, Liu, Pospelov, Ramani, arXiv:2110.06217

+ model-dependent modifications from the local environment



Cosmological Subcomponents

@aps in Coveraga

Dark Matter Subcomponent

° Properties are unconstrained for foy < 1077

® [E.g., strong interaction with normal matter.

large couplings ~ small abundances

fDlVI X (mDI\/I /aDNI)2

® Local population tracks ambient temperature,

E, ~ 300 K ~ 25 meV < typical thresholds

Qz detectable example = new particles with small effective charge ( millz’chargeD
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fl. Overview of Millicharges\
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Millicharges

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?

€7p7n

67p7n

m
equivalence principle tests: ggn < 1072 x —= ~ 1072
mypl



Millicharges

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?

X

v mixing A’
22" SLEEEEE e effective charge ~ mixing X dark charge

Y (eqxzexe’>

€ / v . / . A/—>A,+€A\ . / .
fwiFuyF“ — 5 AL — Jbm Ay /wa—j;“(‘(AM—l—eA“)—jé‘mAM

couples through known long-ranged force = relatively unconstrained



Millicharges

accelerators
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Millicharges
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surface /underground direct detection sensitive to DM subcomponents fon > 108



Millicharges
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local phase space is significantly modified
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2. Terrestrial Density

AB, Hongwan Liu, Maxim Pospelov, Hari Ramani (arXiv:2302.06619)



Terrestrial Population

12

incoming galactic wind large fraction thermalizes  outgoing evaporation flux

of strongly-coupled relics to ~ 300 K ~ 25 meV above escape velocity
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(virial) buildup in density

accumulation

Accumulated equilibrium
density of bound particles

traffic jam

Out of equilibrium density of
recently thermalized particles



Terrestrial Population

13

incoming galactic wind large fraction thermalizes

of strongly-coupled relics to ~ 300 K ~ 25 meV

Ueh (T ) [Vese ~ 107 x (1 GeV/my,)

(gravitationally bound)

ﬁ
X ﬁ
ﬁ
(virial) buildup in density
4 accumulation

Accumulated equilibrium

density of bound particles

1/2
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Accumulating Population

incoming galactic wind large fraction thermalizes

of strongly-coupled relics to ~ 300 K ~ 25 meV

.

— >
Vi (Te) /Vese ~ 1071 x (1 GeV/mX)l/2
X —>
(gravitationally bound)
e
(virial) buildup in density
(

(ny)g ~ 10" cm ™ x f, (— (average density)




Accumulating Population

After diffusing throughout the Earth, particles settle into hydrostatic equilibrium

VP, Vn,
9= ~Tg
M Ty M Tex
hydrostatic
) m, = 1.0 GeV
— 10 T
n
:Gj L
= [ ]
z 10 = —
> i ]
H 3 -
=
.-Ji 10—4 -. -
,_Q L
—
S, [ _
~ 1079} .
- 6000 K . ]
= [ My 2 ~ 1 GeV = sinking
10-14 [ 9 Re ]
1000 2000 3000 4000 5000 6000
r [km]

Relevant near surface for small range of masses

(static limit)

Heavier particles
are pulled towards

Earth’s center.



Terrestrial Population

16

incoming galactic wind

of strongly-coupled relics

—)
X —
e ———

(virial)

large fraction thermalizes  outgoing evaporation flux

to ~ 300 K ~ 25 meV above escape velocity
—>
— X
—>

buildup in density

~

traffic jam

Out of equilibrium density of

recently thermalized particles
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Trathic Jam

Fluid Dynamics

(continuity) Ony +V - (ny,Vy) =0

E VP
(Euler) 8,V + (Vi - V)V, + V,=g+ x=_ Yix

my Ty Ty

collisional “drag” rate

(L
Fcoll. ~ NSM 0T Urel
My

oY%

detector
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Trathic Jam

Fluid Dynamics

(diffusion) Oy +V -3, =0, gy ~ny Varse — D, Vi,

g+ (eqy/my) E

(drift-velocity) Variet = T.. (equivalent to a biased random walk)
COll.
T m
(diffusion coefficient) D, = Fcou.xmx ~ TX Cinfp Vth

oY%

detector
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Traffic Jam (<< 1 GeV)

light mediator = enhanced interactions at smaller temperatures

oY%

detector




Traffic Jam (<< 1 GeV)

20

Enter

Exit

jin ~ Nvir Vwind

jout ~ Ty Dx/evir ~ Ty Uth (gth/evir)

FEven in the absence of gravity,
large residence time leads to an

enhanced terrestrial abundance.

——— ‘*

oY%

> 1 for m,, > 10 keV

> 1 for m, > 10 MeV

detector
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Traffic Jam (>> 1 GeV)

Enter Exit
jin ~ Tyir Viwind jout ~ Ty Varift
Slow drift from collisional /\
friction leads to an enhanced ' ; ' > 1
n

terrestrial abundance.

[ — T

\\\

Thvir @ (my > 1 GeV)
Viina ~ 1077

Relevant near surface for large range of masses

oY%

gravitational
detector drift velocity
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Terrestrial Overdensity

positively-charged negatively-charged
Nyl Nvie , ¥*, height = -1 km Ny /Nvie , ¥, height = -1 km
10-2 O 102
|
103 | 1073
j
104 3 | 104 3
qy 10-5L 4 | ar 105k g
106 - 106 2
107 2 107 ;
10—8 Ll Ll Ll Ll 1 |||||||_ 10—8 Ll Ll Ll Ll 1 |||||||_
102 101 1 10 102 103 102 101 1 10 102 103
m, [GeV] my [GeV]

large terrestrial overdensities (compared to galactic) across a broad range of masses
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Terrestrial Overdensity

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

| 4 _—
Global Electric Circuit

Earth’s magnetic and electric fields relevant if:

(Bg ~ 0.5 G, AVg ~ 0.5 MV)

weather

=~ return
currents  thunder

generato"s magnetic
' . field lines
@ electrified

' cloud

Solar 1
Energetic .'
Protons Tm—————"1—>
= ——
(SEP) ==

~ D Ovir o Rey = qy 2> 107° x (m, /MeV)

r
gyro ~
€4y Bg

10-15 km

~
~
S~

300 K ~ eqy, x AVy = ¢, 21077

Lower atmosphere g
-

fair weather

return
currents

>100 km Upper
atmosphere

100 km Middle atmosphere

~
~
~

Galactic Cosmic
i Rays (GCR)

Parametrize ignorance by focusing on sensitivity to local density, n,




Terrestrial Detection

How do you detect this terrestrial population?

distinguishing feature = penetrates shields

hield
(< room temperature) “

0
3y
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Terrestrial Detection

How do you detect this terrestrial population?

distinguishing feature = penetrates shields

e.q., anomalous heating of cold ions

Carney, Haffner, Moore, Taylor, arXiv:2104.05737
Budker, Graham, Ramani, Schmidt-Kaler, Smorra, Ulmer, arXiv:2108.05283



Terrestrial Detection

26

103
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101

1 10 102 103
m, [GeV]

collective effects

104
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\3. Cavendish J

AB, Zach Bogorad, Peter Graham, Hari Ramani (in progress)



Coulomb’s Law

28

Coulomb’s Law = zero field inside charged shell

empty shell of uniform surface charge




Coulomb’s Law

29

Coulomb’s Law = zero field inside charged shell

empty shell of any shape

systematics are reduced
by comparing to zero

%dﬁ-E:O — b, =0



Cavendish
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Cavendisly ~77 78

outer shell

inner globe
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Cavendish
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Cavendish

Cavendisly ~77 78

voltmeter




Cavendish
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(limited by systematic noise)

<E ~ r—z(lﬂoQD




Plimpton and Lawton

%Wmc/jfzwm ~7956

Telescope ‘7— ' Chokes

Condenser
Generator

Control rheostat

./é %

Zm,o//‘fier Osci/foscope

Fartition

voltage g ~ 3 kV driven at frequency vy ~ 2 Hz

limited by thermal fluctuations Apgpens ~ 107°% V

@ - r—2(1110®




Photon Mass

38

po = constant

2
peff =~ _m"y 900

Ein ~ Peff T

@Y X

non-zero photon mass

, V-E=p—m
r

2
oyt



Cavendish
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\

1773
Cavendish

Historical Summary

1936 . 1967
Plimpton & Lawton ‘Cochran & Franken

1873

Maxwell

1971

Williams et al.

freq. < Hz

,r—2(1:|:n) ~ 10—2

m~ [eV] ~ 1077

< Hz ~ Hz ~ kHz
~ 104 ~ 1079 ~ 107 1!
~ 108 ~ 1071 ~ 10712

higher frequency/lower noise

~ MHz

~ 10—16

~ 10—14

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



Cavendish + Millicharges
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Recap

Large over terrestrial overdensity
of cold (300 K) millicharges

Precise tests of Coulomb’s Law/
Gauss’s Law /photon mass
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Cavendish + Millicharges

permeating plasma




Cavendish + Millicharges
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X
XX
X
X X
- X
Xt
: X
X

millicharges discharge the shell

permeating plasma
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weak coupling
eqy po K 15y

V4

permeating plasma

- X .
X ) X (equilibrium)
X
X X Px = €qy (1y /2) (e—eqxcpo/TX - eeqxgoo/Tx)
- X
X -
7 X Py ™ — (eg)” po = —mD ©o
X - X ( ) o
X (enhancement) /
Debye mass

a my & mp )

Analogous to photon mass

Qenerally holds for weakly-coupled plasma)




Cavendish + Millicharges

strong coupling
eqy Yo > TX

/

Vdrif —

' my Fcoll
X

X
) X o = constant

X +
X- -

X Epm ~ pyr +

X ,

drift velocity

permeating plasma

(accumulation)

Millicharges “thermalize” and
remain electrically bound



Cavendish + Millicharges

strong coupling
eqy o > 15

v 4

permeating plasma

(accumulation)

Px ~ —Mp Po X
R§/Dy
op - . T
diffusion coefficient D, ~ ~ Umfp Vth
Ty, Fcoll.

' ] oy + B
drift velocity + + What sets 1 7

f m~ <> mp X enhancement \
Analogous to photon mass,
kbut enhanced by (Collection time)/ diffusion time)!/ 2)
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strong coupling
eqy o > 15

Wo
D
D
collection time)is one oscillation time,

~

=

m~ <> mp X enhancement

Analogous to photon mass,
but enhanced by (€ollection time)/ diffusion time)l/QJ

twwo_l



Cavendish + Millicharges

+
X—
x*
X7E
Xt X 0
T -
xt
X + . : : 1 : 1
X collection time)is one oscillation time, ¢t ~ w,,

f m~ <> mp X enhancement

Analogous to photon mass,
kbUt enhanced by (Collection timeé)/ diffusion time)l/Qj




Cavendish + Millicharges
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> +T

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

Gwer frequency preferreD




Cavendish + Millicharges

Historical Summary

y

1773 1873
Cavendish Maxwell

1936 1967
Plimpton & Lawton ‘Cochran & Franken

1971
Williams et al.

freq. < Hz < Hz ~ Hz ~ kHz
p20E 1077 ~ 10" ~ 1077 ~ 101
m~ [eV] ~ 1077 ~ 1078 ~ 107! ~ 10712
higher frequency/lower noise
>

@sig ~ 1039

~ MHz

~ 10—16

~ 10—14



Plimpton and Lawton + Millicharges

Recasted Limits

accelerators

W

Jewec| diffusion time

: ec‘ . . .
y & >> oscillation time

p% 107° 10 cm™

10 ¢cm™3

_6 .
10 - electrically bound
SN1987

1077
10-8 107 em™ ‘gravity >> F-field |
10—9 . . .

10 1o|signal limited [~ 102 103 104 10° 106

m, [GeV]



Plimpton and Lawton + Millicharges

o1

dx

1071

accelerators

1072

1073

107*

107°

1076

SN1987A

1077

1078

Comparison to Ion Traps

Ty T rrmmmy T T T 1Ty T TTTmp T IIIIQ

ion trap

nlecm

3

pveol vt vl e veod vl o vl el 1

09 L Ll

1073 102

107t

1

10 102
m, [GeV]

103

104 10°

106

dx

107t

accelerators

1072

1073

107*

107

1076

SN1987A

1077

1078

Ty T 1Ty T TIrmy T 1Ty T T TTmp 1 IIIIQ

ion trap

_ 3 -3
n, = 10° cm

prood oot ocoevond ovveenl vl el ol 1

09 L1 Lol

103 102

1071

1

complementary sensitivity to modern ion traps

10 102
m, [GeV]

103

104

10°

106
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Historical Summary

3

1773 1873 1936 1967 1971 2025
Cavendish Maxwell  Plimpton & Lawton Cochran & Franken — Williams et al. 9
- | | | | |
| | | | | |
freq. < Hz < Hz ~ Hz ~ kHz
pm20EM 1077 ~ 107" ~ 1077 ~ 10!
m~ [eV] ~ 1077 ~ 1078 ~ 1071 ~ 10712

How to optimize with a dedicated setup?

(same noise levels as in 1936!)




Cavendish + Millicharges

+
v
Xt
XTE
Xt X @wo
T+
X7 x
X + +
Y collection time is one oscillation time, ¢ ~ wy !

The Problem

lower frequency = greater collection time but increased noise
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Cavendish + Trap + Millicharges

reduced + - +
diffusion time

if in vacuum

+
enhanced ambient

density
+ “cavendish +
shell” L
+ 4 Pirap — constant
X
x* )

X~ +

Tt




Cavendish + Trap + Millicharges
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Trap + Cavendish

accelerators

102 cm™3 9 Y
107 ecm™

10% cm™

SN1987A

103 cm™

Covol vl v vl ol ool 1

-8
o Cavendish-like (future)

R R R R R T R Rt AR R

1079

103 102 10! 1 10 102 10 10* 10° 10% 107 108
m, [GeV]
1936 setup

+ MYV trap under high vacuum



Cosmic Rays + Millicharges

Cosmic Rays

wrreducible terrestrial population
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Cosmic Rays

wrreducible terrestrial population

102

L1 111l

1073 accelerators

Lol

effective mCPs

dy 104

Trap + Cavendish pure mCPs

Lol

10

T T TTTI]
Lol

Cavendish-like (future)

10—6m1 | Lol

1073 102 101 1
m, [GeV]

effective (kinetic mixing) = no-coupling to Earth’s F-field
pure = trapped by Earth’s E-field



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?




