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Why Jupiter?

— Most massive planet in the solar system: a big detector;
— “Clean” background: not as active as a star, e.g., the Sun;

— Relatively close to us: easier for both 7z situ (at Jupiter) and ex sztu (away
from Jupiter, i.e., close to the Earth) measurements.



Jupiter. The color spectra are sampled from images
taken by the nine spacecraft that visited the gas giant
since 1973, as well as the Hubble Space Telescope.
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Jupiter. The color spectra are sampled from images
taken by the nine spacecraft that visited the gas giant
since 1973, as well as the Hubble Space Telescope.
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Dark matter?
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GeV-scale dark matter

'1' | ] TITTTT] | | ITI1]TI L | TTTIII_

| \: :\:\\\ o
— 2> i
NE \} ) 2
1 N \\, ’,o’
Q \ QN 2 |
Lots of efforts = |.o]\ \ W= _
21 - QA < A g
to search for ok NS 5
o rl i \\ ,,,, Q 11\ -
GeVandsub- £ .\ —— A& 0
€V and su s bL WY @ Vb 1
= | = §
GeV scale dark < | P\ :
matter 2 0L =
:
-43 1 1 1 1 1 L1 11 1 1 | 1 L1 11 1 1 1 1 L1 1.1
10 N 5 3 '
10 10 10 10

WIMP Mass [GeV/c?]



Dark mediator

Dark sector ——— Vasible sector

dark mediator:
e.g., dark photon

vp through eFF,.

(Kobazarev et.al 1966;
Okun 1982; Galison eta.al

1984; Holdom 1986)
Weakly-coupled
= long-lived




I: DM captured by
the gravitational
potential well after
elastic scattering
with Jovian matter

Scenario




Scenario

I1: DM accumulates
at the core and

annihilate into long-
lived dark mediators



Scenario [11: long-lived dark
— mediators inject hard

e~ e™ into the
magnetosphere and
detected by Jupiter
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DM transfers energy
to nucleons by
scattering and slows

down, most efficient
when m, ~ 1GeV

DM capture



Gould 1987, 1988, 1990

DM capture
Captured when DM

velocity drops below
the escape velocity (-
60 km/s at surface).

Single scattering
(optically thin)
DM-nucleon

scattering xsec

0] vn

T X < 1

O, sat
~

geometric

saturation xsec
~ 1073* cm?




DM annihilation
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DM annihilation

CMB bound:

(6, V) 5% 1077

cm S S
GeV P oo

Leane et.al 2018

v DM DM - 2 long-

a lived dark mediators




DM capture DM annihilation

X X

5x5q

A2
is suppressed by mjmgl A* and (g%gq)z.

7x = qq through (27"’ x) (513/,,,?561)



Capture and annihilation equilibrium

A # of trapped DM particles

. Equilibrium: capture rate =
i annihilation rate/2

For1 GeV DM,
g & 101°s < (t; ~ 10'7s),
Jupiter lifetime.

.
time
1/2

foq X (capture rate)™

DM could leak out via exponential tails in kinematic distributions: DM lighter
than 1 GeVcould evaporate (significantly). Gould 1990, Garani et. al 2021



Benchmark for Dark mediator decays

dark mediators

(sub-GeV): dark
photon with a small
kinetic mixing € to

SM photons,

ct ~ 0(10") km
= ¢ <107

%« Elusive at lab

% (Go through
Jupiter without
being absorbed



Previous studies on DM capture: signal

Most studied: gamma-rays

— Good ex sztu measurements, e.g., Fermi-LA'T, HAWC;
— Photons travel in straight lines;

— Spectroscopy & morphology:.

Other signals: neutrinos...

Our study: electrons with non-trivial motions in the magnetic field



Previous studies on DM capture: source

Sun:
) Massive and close

« Higher background, higher temperature that evaporates light DM
Neutron stars:
) Massive and dense

 Too tar away and systematics

Our study: Jupiter



Motion of ¢ (e ") in the magnetosphere

Magnetic bottle eftect:

trap e e™ inside for a long time.

0

my
u = —= adiabatic constant;

2B
Total energy:
| | |

) > _ 1.9
EmvH + Emvl = 2mvH + ubB
conserved:;

B1, v |tille™,e™ are repelled
from the dense field region.

| I~

Coil 1

mirror mirror



Origin of planet’s radiation belts: Van Allen radiation belts

© NASA



Three possible modes in B field

1. Gyration around field lines > kHz) :
Lorentz force;

2. Bounce between two mirror points (-
Hz) : magnetic bottle effect, depending
on the pitch angle;

3. Drift in the azimuthal/longitudinal
direction (<« mHz) : gradience of the B

field;

Schulz and Lanzerotti, 1974



Phase space parameters

1) Kinetic energy: E£

2) Mcilwain parameter: L Mcilwain 1961

Lines with L X radius in the magnetic
equator in a dipole field

For the time scales of hard electrons, they are limited on the same L-shell.



3) Equatorial pitch angle: o,
the magnetic field at the magnetic equator.

Ba

o

——

B——

e (X

q )

Loss Cone

magnetic equator

angle between the electron momentum and

>, absorption

reflection W

Electrons with small a_, : mirror points

q
are inside Jupiter. Thus they hit Jupiter
first and be absorbed.
Aoq < Apyint 10ss cone.



Dynamics

Diffusion equation

source term averaged over trajectories:

— < i > trajectories injected by decays of dark mediators

friction terms: energy loss or B dE B d sin Ao
ey Variation with time - —f)-——— —f
(electron number conservation) oL \ dt 0'sin Ueq dt
—1
+Tlossf T

Electron number loss term
with time scale 7,



Mediator decay rate
density

mediator boost «

10

Source term

Maximum e

injection rates
whenyI'5' ~ R,
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1 10
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Small rate
density, but

02 large volume

10713

and long
trapping time
to compensate

'y [Ry] rest-frame lifetime (in

unit of R))



Fast energy loss/a,
through synchrotron radiation tor hard electrons >

q

Synchrotron friction

variation dominantly

O(10) MeV (|B| ~ O (Gauss); E > m, ).

E =20 MeV, aeq = 70°

Time scale 7, > 0(10°) s for hard
electrons > O(10) MeV



Electron loss

Case 1: untrapped region
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Not a perfect dipole field,
twisted by higher moments Close to the surface where field

Connerney et.al 2018 line minimum close to or inside

Jupiter (L ~ 1): no reflection,
UNoss ™ 0.2 s.



Case 2: quasi-trapped region

A bit further away from surtace, r < 1.3R,, electrons fall in the local loss cone
during the azimuthal drifting.

& Electron trapping lifetime set by the

 a drift period: electrons lost before losing

B R = SR
energy significantly via synchrotron
s radiation
* -\
: 0(10%)

Tiee S —m—mmm S K 7T
1055 ~ £/100 MeV E

Sync




Case 3: fully-trapped region

L c (1.3,1.5), away from the
surface (smaller ) and away
from the main ring, moons etc.
(larger L). Close to the
magnetic equator, electron loss
not as important as
synchrotron friction:

Tioss 2 @(105) S 2 T |

sync °

10°
quasi-
trapping / )
untrapping e Aux

main ring -

J| E>10Mev [Cm_z S_l] __
| | | | | ! |

12 14 16




Mission overview

Galileo probe
(1989-1995)

Juno mission



Mission overview

(salileo probe: one way trip

4 Dive into the atmosphere;

4 Energetic particle investigation (EPI):
“calorimeters”;

Sensitive to MeV-GeV charged particles;
Juno: orbiter still in work

4 Can be very close to the surface;

4 No specific relativistic particle detector;

<4 Radiation monitoring (RM) investigation
detects hard electron: CCD cameras.



GeV-scale electrons
leave data with
precise space/time
stamps.

Hit rate (s’') = electron
flux (cm2 s1)x
effective area of
detection (cm?)

y ¥

Relate DM Model with Data

(never used for HEP)




Sensitivity

No precise spectroscopy: higher energy — higher penetration rate — higher sensitivity;

Electrons
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Kinetic energy (GeV)

Nenon et.al. 2018



B Juno CCD image
5 from relativistic
particles

Becker et. al. 2017
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Inferred Omni-directional Electron Flux (cm'2 s'1)
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Results

Currently only the (Galileo probe data covers region where electrons could be fully-
trapped (L C (1.3,1.5) & close to the magnetic equator; small electron loss rate);

10734 :
&l 3
10 ., §
1077 % (70% g
electron flux from dark - § %,// E
mediator decays x DM- 8 103% Y
nucleon scattering xsec X < 10-38L
BR (DM —mediator — E:
e e™) b’;: 10 39;
10 40 =g Dy = R}l
, 0-4'; Fully Trapped
- Tioss € [10°,10%] s
10-42L

0.1 l 10
m, |GeV] DM mass



Results

10)-34
Since Jupiter is mostly made up of " 5
hydrogen, DM capture is 10-33 , .
insensitive to either spin- s %, » §
independent (SI) or spin- , -
dependent (SD) scattering. The 10-37 ‘3, =

bounds apply to both. Compared  «
to direct detection experiments, [ e
this could be a more sensitive Xi
probe to SD scattering. )
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Results

1034, :
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Below 1 GeV: 1()—35; . ;U

: <, : 3

B f@ I 2
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*k DM number density 10-36 2, . S

increases but capture ; %, ! Z

o : —37_ (51 i —
efficiency drops; 2 W 7
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= 10738 :
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o« o . . W - i
SCIlSlthlty, s 10 39E :
i E .
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Above 1 GeV:

*k DM number density and
capture efhiciency drops.

*k Harder electrons: may
improve with better
detector knowledge.



Results

10-34 1
E Y = O I'p = R;
Both Galileo probe and Juno 10-. Quasi Trapped
mission probe quasi-trapped region L Tloss € 0.005, 0.05] Tait
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— - O
& 10737 S
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Summary

— Jupiter could be a powerful capturer of GeV-scale DM;

— DM could annihilate into long-lived dark mediators. For a dark mediator
with lifetime ~ O(0.1 — 1) s, its decays could inject hard electrons into the
radiation belts. Such kind of model is well motivated in the context of the
relatively new DM paradigm and the parameter space could be challenging to
be probed via terrestrial experiments.

— In situ limits on DM-nucleon scattering from Jupiter missions could be
comparable to or better than direct detection limits, in particular, for SD
scattering.

— This only serves as a first step and an example to use the unusual dataset
(e.g. from planetary science) to probe high energy physics!



Thank you!



Outlook

Only a first step to use Jupiter data, many other possibilities: X-ray emission
on the dark side of Jupiter....

KeV X-ray!




Outlook

Only a first step to use Jupiter data, many other possibilities: X-ray emission
on the dark side of Jupiter....

& larger magnetic field and

large converter volume;

@ No 7n situ X-ray
measurements yet, unknown

background...



