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A Richer Dark Sector V()

T
@ Dark energy candidates:
A , quintessence...
Ratra & Peebles (1988); Wetterich (1988);
Caldwell, Dave & Steinhardt (1998)
@ Tantalizing prospect: new light fields

both dark and baryonic matter.

Scalar fields can “hide” themselves from local expts through

30
Phere ™ 10 Pcosmos

Large in a cosmological sense, but small in a
particle physics sense
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New Scale = New Physics?

@ To neutralize A to accuracy H g , hew
degrees of freedom must be light:

me S Ho

@ These degrees of freedom must couple
to Standard Model fields:

screening mechanism



Experimental Program
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have rich phenomenology for fests of GR:

@ Forced us fo rethink implications of existing data

@ Inspired design of novel experimental tests



Screening Mechanisms

1
® Chameleon/symmetron/dilaton: L = —5(8@2 — V(o) + A(p)T

Khoury & Weltman (2003); Brax et al. (2004);
Hinterbichler & Khoury (2010); Brax et al. (2010)

- Screening condition: | @ <K @

: : : 1 1
@ Galileon/Vainshtein: L = —5(3gb)2 ik F(é‘gb)Q
Deffayet, Dvali, Gabadadze & Vainshtein (2001);

Luty, Porrati & Rattazzi (2003); Nicolis & Rattazzi (2004);
Nicolis, Rattazzi & Trincherini (2008)

- Screening condition: \5’2¢| >

)
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e | 1 )
o Kinetic/k-mouflage: L= —=(0¢)° () =t T
Babichey, Deffayet & Ziourg(2009) 2 1% MPI :
- Screening condifion: |8gb\ > Ae
o Galileon/Vainshtein: L = —1(8gb)2 + i(cr>’gb)2 ¢+ g iy
2 A3 Mpr -

Deffayet, Dvali, Gabadadze & Vainshtein (2001);
Luty, Porrati & Rattazzi (2003); Nicolis & Rattazzi (2004);
Nicolis, Rattazzi & Trincherini (2008)

- Screening condition: \5’2¢| >



Screening Mechanisms :
® Chameleon/symmetron/dilaton: L = —5(8@2 — V(o) + A(@)TH

L
Khoury & Weltman (2003); Brax et al. (2004);
Hinterbichler & Khoury (2010); Brax et al. (2010)

- Screening condition: | @ <K @
- Quantum stability?

¢
Mp, *

09)* + g

: z 1 1
o Kinetic/k-mouflage: L= —5(8@2 e

Babichey, Deffayet & Ziour (2009)
- Screening condifion: |8gb\ > Ae
- Shift symmetry: © — @ + ¢

: : : 1 1
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Screening Mechanisms :
® Chameleon/symmetron/dilaton: L = —5(8@2 = V(&) +Ap) T,

Khoury & Weltman (2003); Brax et al. (2004);
Hinterbichler & Khoury (2010); Brax et al. (2010)

- Screening condition: | @ <K @ _ Cutoff: A ~ mm ™!
- Quantum stability?
o Kinetic/k-mouflage: L = _1(3¢)2 /1\4 (00)* + g e iy
Babichey, Deffayet & Ziour (2009) 2 4 Mp
- Screening condifion: | |0¢| > A2 ot A ~ mm !
- Shift symmetry: & — @+ ¢
. : b iR 5 1 5 . .
o Galileon/Vainshtein: £ = —5(8@ + F(a¢) ¢ A it
Deffayet, Dvali, Gabadadze & Vainshtein (2001); Pl
Luty, Porrati & Rattazzi (2003); Nicolis & Rattazzi (2004);
Nicolis, Rattazzi & Trincherini (2008)
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Screening Mechanisms :
® Chameleon/symmetron/dilaton: L = —5(8@2 = V(&) +Ap) T,

Khoury & Weltman (2003); Brax et al. (2004);
Hinterbichler & Khoury (2010); Brax et al. (2010)

- Screening condition: | @ <K @ _ Cutoff: A ~ mm ™"
- Quantum stability?
o Kinetic/k-mouflage: L = —l(fkb)?' -/1\4 (0)* + ¢ e iy
Babichey, Deffayet & Ziour (2009) 2 4 MPI
- Screening condifion: | |0¢| > A2 ot A ~ mm !
- Shift symmetry: @ — @ + ¢ - Superluminality
: : S iR 5 1 5 . 0 %
o Galileon/Vainshtein: £ = —5(3gb) + F(‘%) ¢ A it
Deffayet, Dvali, Gabadadze & Vainshtein (2001); Pl
Luty, Porrati & Rattazzi (2003); Nicolis & Rattazzi (2004);
Nicolis, Rattazzi & Trincherini (2008)
- Screening condition: ‘82¢| SR - Cutoff: A ~ (1000 km)—1

- Galileon symmetry: @ — @ + ¢+ b,x" - Superluminality



Screening Mechanisms :
® Chameleon/symmetron/dilaton: L = —5(0@2 = V(&) +Ap) T,

Khoury & Weltman (2003); Brax et al. (2004);
Hinterbichler & Khoury (2010); Brax et al. (2010)

- Screening condition: | @ <K @ _ Cutoff: A ~ mm™*
_ Quantum stability?
Ny P 108 8
: = =i (G0t | T*
o Kinetic/k-mouflage: £ 2((%) - (00) 957 L

Babichey, Deffayet & Ziour (3

- Screening condition: ‘@3¢‘ > A4 - Cutoff: A\ ~ mm_1
- Shift symmetry: ¢ Superluminality
: . 6 Ll 5 1 5 . .
o Galileon/Vainshtein: L = —5((%) + F((‘?gb) ¢ 6 il
Deffayet, Dvali, Gabadadze & Vainshtein (2001); Pl
Luty, Porrati & Rattazzi (2003); Nicolis & Rattazzi (2004);
Nicolis, Rattazzi & Trincherini (2008)
- Screening condition: [82¢| > - Cutoff: A ~ (1000 km)_l

- Galileon symmetry: @ — @ + ¢+ b,x" - Superluminality






Should we be worried?




Should we be worried?

“"The absence of evidence
evidence of absence.”



Chameleon Mechanism

Khoury & Weltman (2003); Gubser & Khoury (2004);
Brax, van de Bruck, Davis, Khoury and Weltman (2004);
Mota and Shaw (2006).

L=~5(00)° - V(#) +g

where T/;JJ is stress tensor of all matter (Baryonic and Dark)



Chameleon Mechanism

Khoury & Weltman (2003); Gubser & Khoury (2004);
Brax, van de Bruck, Davis, Khoury and Weltman (2004);
Mota and Shaw (2006).

L=~5(00)° - V(#) +g

where 1" s stress tensor of all matter (Baryonic and Dark)
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Density-dependent mass Vet (@)
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Thus m = m(p) increases with increasing density

Laboratory fests => set m 1 (ﬂlocal) < mm

Generally implies: m_l(pcosmos) = Mpc



Density-dependent mass Vet (@)

1.
6 |
Vert (@) = V(¢) + oy : o
MAtn P
g Vighes 5 el ot V(o) y
______________ )

Thus m = m(p) increases with increasing density

Laboratory fests => set m 1 (plocal) < mm

Generally implies: m_l(pcosmos) = Mpc

Meanwhile, m_l(psolar ot <10 — 10* AU

AN

> ruled out by post-Newtonian tests?
















Thin-shell screening
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But small objects >







Thin-shell condition depends on environment!

% o ¢out i ¢in
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Thin-shell condition depends on environment!

% o ¢out i ¢in

< 1

R g GQMpl(I)N

GY = Gn(1+2¢%)




Smoking Guns
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@ Satellite Energy Exchange (SEE) Mission
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Smoking Guns

@ Satellite Energy Exchange (SEE) Mission

JANESN,
GN

@ MICROSCOPE (2015)

< e

@ Satellite Test of the
Equivalence Principle (STEP)







Symmetron Mechanism

Instead of M(p), here coupling to matter depends on density.

P PV i
L i 2

Potential is of the spontaneous-symmetry- V()4
breaking form:

V(g) = ~5 126 + ;A

Most general renormalizable potential

with ¢ ? ¢ symmetry.



Symmetron Mechanism

Instead of M(p), here coupling to matter depends on density.

P PV i
L i 2

Potential is of the spontaneous-symmetry- V()4
breaking form:

V(g) = ~5 126 + ;A

Most general renormalizable potential

with ¢ ? ¢ symmetry.

1 1
—>\Vea(9) = 5 (277 = #2) 6 + 7'

Whether symmeitry is broken or not depends on local density



Density-dependent coupling
Perturbations 5¢ around local background value couple as:
»Ccoupling N2 5¢ P
@ Symmetron decoupled in high-density regions (where gg > ()

@ In voids, where symmetry is broken,

V(9) 4
Lcoupling ™ \/X'leQ 0 p
0
e y

NOTE: Tests of gravity =—> u~— ~ Mpc 1/ VA






Inspiration... o R —

Symmetron Couch
($9500.00)

"NASA-style gravity reduction.’

"Offers a unique multi-phase wave
experience.’
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($9500.00)

"NASA-style gravity reduction.’

"Offers a unique multi-phase wave
experience.’




Chameleon Searches

@ Eot-Wash

Adelberger et al., |
Phys. Rev. Lett. (2008) 102

107®

107
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B

@ CHameleon Afterglow SEarch (CHASE), Fermilab
Chou et al., Phys. Rev. Lett. (2008,2010)

Collider constraints
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Chameleon Searches (contd)

@ Axion Dark Matter eXperiment (ADMX)
P. Sikivie & co., Phys. Rev. Lett. (2010)
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Chang & hHui (
Javis, Lim, S
Jain, Vikram
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Kk = epicyclic Freq'uenc%




Wang, Hui & J. Khoury, to app
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Self-Acceleration?
g,uv A (¢)gw/

W '/
Jordan frame “Einstein frame”

Can cosmic acceleration result from AA ~ O(1) even though
Einstein-frame mefric.is NOT accelerating?

| g¢ I...

Take chameleon with = A(¢) = 1 4

Mp,
£
@ Force condition: F—¢ =2¢°  in unscreened regions =—> g < O(1)
N
AV
@ Screening condition: —— X i <’k
R 69Mp1<I>N

Milky Way potential &y ~ 107° — ¢ < 10~° Mp,



Self-Acceleration?
~ Y 2
O A (¢)g,uv
“Jordan frame” “Einstein frame”

Can cosmic acceleration result from AA ~ O(1) even though
Einstein-frame mefric.is NOT accelerating?

Take chameleon with A(gb) = 9% Ea
Mpy
I
@ Force condition: F—¢ =2¢°  in unscreened regions =—> g < O(1)
I\
AR
@ Screening condition: —— X i <’k
R bgMp PN

Milky Way potential &y ~ 107° — ¢ < 10~° Mp,

o

AAS g
Mp,

<K 1| (NO self-acceleration)
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The Mpc Barrier

Can scalar field have my ~ Hg for At 2 Ho_l ?

dV g
dp \Mp

@ Cosmological evolution: ¢ . SHQA = o,

Hence dV/d¢ & gp/Mp) must cancel to good accuracy



The Mpc Barrier

Can scalar field have mg ~ Hg for At 2 Ho_l ?

dV g
do \Mp

@ Cosmological evolution: ¢ s 3Hgﬁ — P

Hence dV/d¢ & gp/Mp) must cancel to good accuracy

Cancellation must hold over last Hubble time:

dV g 2 2
JAY | ~ HZMp ~ miA
<d¢ MPI,O) o Mp1 ~ myAgp

M
> mo ~ Hy A—Zl > 103 Hy

Argument generalizes to very wide class of chameleon/symmetron
theories, including many fields!
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S Upadhye, Hu & Khoury, 1204.3906 [hep-ph],
Quantum Sfdblllfy to appear in Phys. Rev. Lett.

m4 m2 gb
Focus on scalar loops: AVi_ioop = ¢(¢) In ( qb( )>

6472 I

. Tension: Need small 114 to keep loop corrections under conirol,

" BUT chameleon mechanism relies on Mg T with P

Using V 4 (®min) = ]\‘Z'; to relate @min and P :

gP1ab i
b 10 gecm—3 i

excluded by Eot-Wash

(Model-independent)

1 10 100 1000 10000
matter coupling §




S Upadhye, Hu & Khoury, 1204.3906 [hep-ph],
Quantum Sfdblllfy to appear in Phys. Rev. Lett.

ms (¢ m?2 (¢
Focus on scalar loops: AVi_ieop = GZ;) In ( Zi )>
0

. Tension: Need small 114 to keep loop corrections under conirol,

" BUT chameleon mechanism relies on Mg T with P

Using V 4 (®min) = ]\‘Z'; to relate @min and P :

gP1ab i
b 10 gecm—3 i

excluded by Eot-Wash

(Model-independent)

10 100 1000 10000
matter coupling §

Factor of = 2 improvement in lab bounds on mglwould close
the window around g ~ 1



Quantum Stability (contd) Vest (6)

Upadhye, Hu & Khoury, 1204.3906 [hep-ph] 7:1
| ~ po
M5 ; .
Vig) = — M =10""° eV
¢
Pt s V()
Expand arounaamininpuier et gl s o e e - o8 > > ()
e (Sgb”
T | |
V =B
where o o ¢
A ( ¢ ) n—4 (MZ) 3(n—4) (MZ) 3
ol g it S pA A > s
M M m? m?
@ Cosmologically: m ~ Mpc_1 =L R S 10° GeV

o Lab: m ~ 1073 eV S 10 eV




Conclusions

@ If new forces are associated with dark sector, then some
screening mechanism is required by local tests of gravity

o and mechanisms rely on density-
dependent and , Tespectively.

@ Rich phenomenology for laboratory, solar-system and
cosmological tests of gravity

Open questions

® UV completion?  cf Hinterbichler;, J. Khoury, & Nastase, JHEP (2011)

@ Symmetron fopological defects?









