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Dark Energy: wanted since 1998

Credits: Symmetry Magazine and Sandbox Studio, Chicago

Sunny Vagnozzi & Anne-Christine Davis Direct Detection of Dark Energy 20 May 2022 2/38



-
We're both older than dark energy

Back in ~ 1998"3... (68% C.L.)
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N
The beaten track

Gravitational signatures of DE: the effect of DE’s energy density on the
background expansion or the growth of structure, probed by standard
cosmological observations, with particular focus on DE's equation of state
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eBOSS collaboration, PRD 103 (2021) 083533
Credits: Perlmutter, Physics Today 56 (2003) 53
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Not only SNela: evidence for cosmic acceleration is sound

Evidence for cosmic acceleration does not only come from SNela

Huterer & Shafer, Rept. Prog. Phys. 81 (2018) 016901
Crucially all these observations are probing (to zeroth order) DE's
gravitational signatures
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Are gravitational signatures all there is?

Take a step aside: dark matter

Zwicky: Coma Cluster Rubin: galaxy rotation curves

Credits: Caltech archives Credits: Carnegie Institution for Science
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Are gravitational signatures all there is?

Three-pronged approach towards dark matter detection/discovery

George's bet

Credits: George Efstathiou, in this same talk

series (Feb 2022)

Credits: (adapted from) Matt Buckley
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Are gravitational signatures all there is?
Three-pronged approach towards dark matter detection/discovery

What about dark energy?

Credits: (adapted from) Matt Buckley
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Can dark energy and visible matter talk to each other?

Quintessence and the Rest of the World: Suppressing Long-Range
Interactions

Sean M. Carroll
Phys. Rev. Lett. 81,3067 — Published 12 October 1998

Coupled quintessence

Luca Amendola
Phys. Rev. D 62, 043511 — Published 24 July 2000

If DE due to a new particle, this typically will:
e be very light [m ~ Hy ~ O(10-33) eV]
@ have gravitational-strength coupling to matter

Result/immediate obstacle: long-range fifth forces!
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Dark Energy vs Cosmological Constant
A cosmological constant could be dark energy provided
A = (HoMy)? ~ (Mev)*
~ 04Mpl ~ ev

A scalar field could act a dark energy provided its mass today

mg < Ho =~ 10723V

We only know dark energy dominates today
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For a scalar field

Py = 1/2¢2 -+ V(¢) kinetic energy + potential energy
1 / 2¢2 -V (¢) kinetic energy - potential energy

Dy

If the potential dominates then
Py = —Po

so the scalar field plays the role of an effective cosmological
constant. Since it's dynamical, this wouldn’t have been the
case for all times in the universe.We only need the scalar

field to dominate the energy density of the universe today
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This modifies our theory to

A0

Ratra Peebles potential
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Field rolling down a runaway potential, reaching large values now.
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Deviations from Newton’s
Laws parametrised by

Dy = —Gn/r(1+28%"/*)

First term gives Newton’s inverse square
law, second term is deviation from
standard gravity

tightest constraint comes from satellite
experiments

B2<4.107°

Fifth force must be screened
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Screening: a quick preview

How to satisfy fifth-force tests?
@ Tune the coupling to be extremely weak [M > Mp]
@ Tune the range to be extremely short [A < O(mm)]

@ Tune the dynamics so the force weakens based on its environment
— screening!

(At least) 3 ways to screen

1 mimy

ME(x) 2700 ©

—r/

Fs = —

° — chameleon screening (short range in dense environments)
@ Ms(x) — symmetron screening (weak coupling in dense environments)

@ n(x) — Vainshtein (force drops faster than 1/r? around objects)
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Two general classes of theories

1) Chameleon type screening. Can be tested in the lab, in the solar system,
astrophysics and cosmology. Does not affect speed of gravitational waves,
s0 no test from LIGO/VIRGO or eLISA

2) Vainshtein screening. For example Galileons, Horndeski, massive gravity,
k-mouflage. Vainshtein radius is very large, so no laboratory tests, but
astrophysical and cosmological tests. Some models give speed of
gravitational waves to be different from that of photons, so severely
constrained by LIGO/VIRGO and will be even more constrained by eLISA
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Screened Modified Gravity Khoury, Wellman PRD 69 (2004) 044026

consider the chameleon action

2
5= / dizv/=5( 16ch ~ 0% (o) + Sl A2()g,0)

gives the effective potential

Vet (¢) = V(9) — (A(¢) — )T

This should give fifth forces, but these are screened. Two types of
screening. Chameleons - the mass depends on the environment;
symmetrons - the coupling to matter depends on the environment.
They have been constrained by solar system and lab tests.
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There is an environmental effect: when coupled to matter the
potential depends on the ambient matter density as well

\:0)

"""'EV’SXP(BW My)

‘/eff(¢) = V() + pmA($)
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mass is proportional to the second derivative of minimum of the potential
Hence it can be heavy when is large and light when is small
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To screen fifth forces in the solar system one needs the thin shell effect.

The fifth force is AR
proportional to the size of F¢ ~ —
the thin shell where the RPy
field varies
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Due to the scalar interaction, within the Compton wavelength of the scalar field, the inertial and

gravitational masses differ for screened objects:

Gravity + scalar force O

Value of the field far away

Newtonian potential at the
. . o surface of the body.
Massive bodies with differ scalar charges fall

differently. Hence a violation of the strong
equivalence principle.
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Interaction rate depending
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Screening criterion for compact
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Testing the Equivalence Principle

Do large objects and small objects fall at the same rate?

Old idea Galileo Dark Energy?

Image credit: Theresa Knott 2
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The most general coupling of the scalar field to matter in scalar-tensor gravity is due to Bekenstein

glﬂ’ = A2(¢)gfu =+ B2(¢7 X)all«¢)al/¢
A(g) = ePImm p(o x) = <

A is the conformal and B the disformal coupling

There are strict constraints on the chameleon parameters, even with screening.
For the conformal coupling these come from a variety of experiments on a range
of scales. Constraints on the disformal coupling come from collider constraints
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Direct detection of dark energy

Can we detect (screened) DE in DM direct detection experiments?

PHYSICAL REVIEW D 104, 063023 (2021)

Direct detection of dark energy: The XENONIT excess and future prospects
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|
The XENON1T experiment

Credits: Roberto Corrieri and Patrick De Perio
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]
June 17, 2020: the XENONI1T excess
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Credits: XENONLT collaboration, PRD 102 (2020) 072004
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N
Axions for the XENON1T excess?

Absorption of solar axions by
electrons (axioelectric effect)?

Credits: XENONIT collaboration, PRD 102 (2020) 072004

Credits: Di Luzio et al., PRL 125 (2020) 131804
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-
June 22, 2020: direct detection of dark energy?
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Direct detection of dark energy

. Detection
Production
T M bd T 8,40
¢ T4 0u¢0v ¢ EY S Al L Ly . L L
Loy D —57VFHVFMV T M, M M;
P1 Y conformal kinetic-conformal disformal

(anomalous) disformal
Analogous to photoelectric and

Production in strong magnetic fields . .
axioelectric effects

of the tachocline
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Direct detection of (chameleon-screened) dark energy

SV et al., PRD 104 (2021) 063023 Image editing credits: Cristina Ghirardini
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Two birds with one stone?
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Follow-up work /future research directions

Understand complementary cosmological signatures

Understand complementary astrophysical signatures: BH mass gap?
Refine solar production calculation, include other Lagrangian terms
Mixed DM-DE axion-chameleon scenario?

S2-only analysis of XENONLT data: lower threshold, resolve
chameleon peak better?

Complementary/updated laboratory constraints

...lots more!
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Complementary cosmological signatures

If DE and baryons really talk to/scatter with each other, what are the

cosmological implications?

e
ROVAL ASTRONONICAL SOCHETY
MNRAS 493, 1139-1 ) [T r—T]
Advance Adcess publication 2020 February 3

Do we have any hope of detecting scattering between dark energy and
baryons through cosmology?

a* and David F. Mota*
v

Luca Visinelli (Shanghai)  Olga Mena (Valencia) David Mota (Oslo) Fulvio Ferlito (Garching)  Marco Baldi (Bologna)
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Chameleon laboratory constraints
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Constraints on the disformal coupling come from collider physics. The disformal coupling allows the
production of chameleons in the LHC via the coupling to standard model gauge bosons. One uses
standard model physics, but with the addition of the extra scalar field to the Feynman diagrams. Assuming
a strictly massless scalar, the best constraint on the parameter M comes from ATLAS

M>1GeV

If chameleons are produced inside a body they are will not be strictly massless
as their mass is density dependent and this bound can be relaxed

In fact muonium now gives the best constraint - Brax, ACD, Elder to appear
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Conclusions

Lots of unharvested potential in dark matter direct detection experiments

Much to be learned about dark energy beyond “standard”

cosmological searches for its gravitational interactions
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