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“Don’t you mean neutrinos and dark matter?”
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“Don’t you mean neutrinos and dark matter?”

Exciting proposal: connect neutrinos and neutrino mass to
cosmic acceleration
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“Don’t you mean neutrinos and dark matter?”

Exciting proposal: connect neufrinos and neufrino mass to
cosmic acceleration

This arises (directly or indirectly) from the presence of a new
force between neutfrinos
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“Don’t you mean neutrinos and dark matter?”

Exciting proposal: connect neutrinos and neutrino mass to
cosmic acceleration

This arises (directly or indirectly) from the presence of a new
force between neufrinos
Questions:

- How would a scenario like this arise?

- Theoretical/dynamical issues?
- Experimental tests
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“Don’'t you mean neutrinos and dark matter?”

Exciting proposal: connect neutrinos and neutfrino mass to
cosmic acceleration

This arises (directly or indirectly) from the presence of a new
force between neutrinos

Questions:
- How would a scenario like this arise?
- Theoretical/dynamical issues?
- Experimental tests

Will find:

- General cosmologically mass varying neutrino exciting but
hard fo fest

- New matter dependence in neutrino mass

- Possible signals in DM power spectrum (if phase transition)
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What is this stuff?
* Anthropically selected CC from the string landscape?
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What is this stuff?
* Anthropically selected CC from the string landscape?
* Slowly rolling scalar field (inflation take 2?)
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What is this stuff?
* Anthropically selected CC from the string landscape?
» Slowly rolling scalar field (inflation take 2?)
* Modification of gravity at the Hubble scale?
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What is this stuff?
* Anthropically selected CC from the string landscape?
» Slowly rolling scalar field (inflation take 2?)
* Modification of gravity at the Hubble scale?

* New dynamics at the milli-eV scale?
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_The nature of acceleration

i "I have done a terrible thing. I

have postulated g ticle which

......

How will we ever know?

A*=7 x10% g/cm? P
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What is this stuff?
* Anthropically selected CC from the string landscape?
* Slowly rolling scalar field (inflation take 2?)
* Moadification of gravity at the Hubble scale?
* New dynamics at the milli-eV scale?

M. Weiner CCPP



A Cosmic Coincidence? Neutrino mass and dark energy
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OBSERVATIONAL EVIDENCE FROM SLPERNOVAE FOR AN MOCELERATING LNIVERSE
AND A COSMOLOGICAL CONSTANT
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A Cosmic Coincidence? Neutrino mass and dark energy
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A Cosmic Coincidence? Neutrino mass and dark energy

OBSERVATIONAL EVIDENCE FROM SUPERNOVAE FOR AN MUTFLERATING LUNIVERSE
AND A COSMOLOGICAL CONSTANT
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How far down does the milli-eV scale go?

“This could be the discovery of the century. Depending,
of course, on how far down it goes.”
aQ7/17/2008 M. Weiner CCPD




How far down does the milli-eV scale go?

Maybe we canuse 4
neutrinos._. |
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So you want a mass to vary?

- All known masses vary

- proton/hadrons (QCD scale)
- quarks/leptons (Higgs vev)
- W/Z bosons (Higgs vev)

- At sufficiently high densities, all masses
will vary

- how much?
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Mass varying... something ¢

If Misthe massofafieldf, it
will acquire a mass fromthe 7,77\ 0 T

Coleman-Weinberg - =

potential... P

= = l : ) l “) £)

Ol NS . M log(A2/M?)
O~ O~

Even if you ignore the quadratic piece, the flattest
potential possible is ~M*
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For NR matter, the energy density
in the universe is max O((103eV)*)

. M 1
V ~ (10 °eV)?  —— M*°
1/3 .L\[[) 1()?‘"
— M ~ p'/ M,

0

if this is O(1) then
My ~ p'/* ~ 10 eV

neutrinos are singled out as natural candidates for
varying mass...
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Why neutrinos? Why neutrino mass?
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Why neutrinos? Why neutrino mass?

 Scales are appropriate
- 10%° eV ~m,

» Relic neutrinos form smooth background,
like DE

- Bad for dark matter, good for dark energy

Q7/17/2008 ~r DD

N Weiner CCPP




Why neutrinos? Why neutrino mass?

- Scales are appropriate
- 10%°eV~m,

- Relic neutrinos form smooth background,
like DE

- Bad for dark matter, good for dark energy

* Neutral in low energy theory, can mix with
dark sector -> new forces

- Poorly constrained
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Dependencies of neutrino mass

- Expect neutrino mass to be dynamical
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Dependencies of neutrino mass

- Expect neutrino mass to be dynamical

depends on —
Higgs vev
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Dependencies of neutrino mass

- Expect neutrino mass to be dynamical

depends on — @
Higgs vev T

Depends on
/ other vev
VAVaY “acceleron”
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Dependencies of neutrino mass

- Expect neutrino mass to be dynamical

depends on — m
Higgs vev T

VA

Depends on
other vev

/|
-y “acceleron”

Suppose <A> is smalland m, ~ m_.
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Dependencies of neutrino mass

- Expect neutrino mass to be dynamical

depends on — m
Higgs vev TEDE

Depends on
/ other vev
VAVaY “acceleron”

Suppose <A> is smalland m, ~m_.
What happens to neutrinos at finite density?
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Mass Varying Neutrinos
n,~2 + V(A)

d
AT
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Mass Varying Neutrinos

drives A to
large values (m, to small values)
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Mass Varying Neutrinos

drives A to
n,, !! V(A) small values

drives A to (m, to large
large values (m, to small values) values)
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Mass Varying Neutrinos

drives A to

V(A) small values

drives A to (m, to large
large values (m, to small values) values)

E from scalar
~— | potential

A~1/m,
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Mass Varying Neutrinos

drives A to
small values

n, 52){V (A

drives A to (m, fo large
large values (m, to small values) values)
= from scalar
~— | potential
__——-’/
A~1/m,
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Mass Varying Neutrinos

drives A to
n,, V(A) small values

drives A to (m, to large
large values (m, to small values) values)
E from scalar
fﬁ/’”’f potential
A~1/m,
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Mass Varying Neutrinos

drives A fo
T, V(A) small values

drives A to (m, to large
large values (m, to small values) values)
= | from scalar
e ~— | potential
g — height is DE
A~1/m,
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Mass Varymg Neutrinos

drives A to
ll V(A) small values
drives A to (m, to large

large values (m, to small values) values)

E from scalar
L 'ﬁ""ﬁ'ﬂ; potential
A~1/m,

Neutrino mass changes: total energy redshifts slowly

Q7/17/2008 oD

M. Weiner CCPE




Theoretical Questions
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Theoretical Questions

- Equation of state, forms of potentials
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Theoretical Questions

- Equation of state, forms of potentials

(Fardon, Neison NW '03: Pecce: '04)

- Radiative stability?

- Scalar forces generally not long range
- SUSY models => "Hybrid" Models

~ : =
(Fardon, Nelson, NW 05
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Theoretical Questions

- Equation of state, forms of potentials

(Fardon, Neison, NW '03: Pecce: '04)

- Radiative stability?

- Scalar forces generally not long range
- SUSY models => "Hybrid" Models

(Ferdon, Neison, NW "'05)

- Cosmological dynamics

- Attraction between neutrinos form "neutrino nuggets™

(Afshordi, Zaldarriaga, Kohri, '05)
5 HYbr‘ld deE'.IS: OK Fardon Meisan, NW 05)

e Addlftl const mass. OK {Takahashi & Tarvmeto, 05, '06)
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Generic Features of MaVaNs
(Mass Varying Neutrinos)
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Generic Features of MaVaNs
(Mass Varying Neutrinos)

 Few truly model independent consequences
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Generic Features of MaVaNs
(Mass Varying Neutrinos)

 Few truly model independent consequences

- Cosmological Variation of Neutrino Masses
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Generic Features of MaVaNs
(Mass Varying Neutrinos)

- Few truly model independent consequences

- Cosmological Variation of Neutrino Masses

- Sterile Neutrinos (~eV)
- Possible exception: Ma & Sarkar ‘06 (Higgs triplet)
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Generic Features of MaVaNs
(Mass Varying Neutrinos)

* Few truly model independent consequences

- Cosmological Variation of Neutrino Masses
- Sterile Neutrinos (~eV)
- Possible exception: Ma & Sarkar ‘06 (Higgs triplet)

- Strong motivation to consider new matter
effects

* New scalar should couple to ordinary matter at least
through gravitational-strength couplings

Q7/17/2008
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Cosmological Consequences
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Cosmological Consequences

- Varying neutrino mass: suppressed imprint from massive
neutrinos in power spectrum (must measure mass
terrestrially)
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Cosmological Consequences

- Varying neutrino mass: suppressed imprint from massive
neutrinos in power spectrum (must measure mass
terrestrially)

- Cosmic ray neutrinos - dips in EHECN
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Cosmological Consequences

- Varying neutrino mass: suppressed imprint from massive
neutrinos in power spectrum (must measure mass

terrestrially)
- Cosmic ray neutrinos - dips in EHECN

Ringwald & Schrempp
(June 13, '06)
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Cosmological Consequences

- Varying neutrino mass: suppressed imprint from massive
neutrinos in power spectrum (must measure mass

terrestrially)
- Cosmic ray neutrinos - dips in EHECN

Ringwald & Schrempp
(June 13, '06)

PR

E gt gri}

ol
ER F, |GeV m

Flavor changing
effects: Hung & Pas '03
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Matter effects

- Same game, but with ordinary matter
(O(3g/cm3)~ O(10%%eV*)

_ m,,
m, = my(1 )

A
m, o

) + (10~ e V,‘jm,‘.
A |

V ~ (107”eV*)(1

N= J[p;_ = . (5]7'2;, ~ (0.1eV
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We already knew this!
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We already knew this!

- Lesson of seesaw is that incredibly weak forces

can be dominant effect in neutrino propagation
(MSW)
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We already knew this!

Lesson of seesaw is that incredibly weak forces

can be dominant effect in neutrino propagation
(MSW)

- Neutrinos best probe of weak forces
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We already knew this!

- Lesson of seesaw is that incredibly weak forces

can be dominant effect in neutrino propagation
(MSW)

PEAYSICAL REVIEW D VOLUME 17, SUMBER 9 | MAY 1978

Neutrino oscillations in matter
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We already knew this!

- Lesson of seesaw is that incredibly weak forces

can be dominant effect in neutrino propagation
(MSW)

- Neutrinos best probe of weak forces

- Long History:
- New Gauge Interactions

(Wolfenstein 78; Barger, Phillips, Whisnant 91;
Bergmann '97; Friedland, Lunardini, Pena-Garay '04)

- New Scalar Forces

(Kawasaki, Murayama, Yanagida, 91 (kpc scale). Sawyer
‘98 (mm scale); Hung ‘00 (Hubble scale)

Scalar forces modify neutrino mass

Q7/17/2008 N. Weiner CCPP




New matter effects
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New matter effects

- Scalar can couple to matter but more weakly
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New matter effects

Scalar can couple to matter but more weakly

- Charged fermions cannot mix with light states
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New matter effects

- Scalar can couple to matter but more weakly
- Charged fermions cannot mix with light states

- Experimental limits on long range (>mm) forces =>
gravitational strength
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New matter effects

- Scalar can couple to matter but more weakly

- Charged fermions cannot mix with light states

- Experimental limits on long range (>mm) forces =>
gravitational strength

- With DE parameters, possible O(1) variations of neutrino
mass in matter (gravitational strength couplings!)
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New matter effects

- Scalar can couple to matter but more weakly
- Charged fermions cannot mix with light states

- Experimental limits on long range (>mm) forces =>
gravitational strength

- With DE parameters, possible O(1) variations of neutrino
mass in matter (gravitational strength couplings!)

- Different energy dependence from gauge interactions,

i, ~ 1oV () () (32) (1)’

102

i
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New matter effects

- Scalar can couple to matter but more weakly
- Charged fermions cannot mix with light states

- Experimental limits on long range (>mm) forces =>
gravitational strength

- With DE parameters, possible O(1) variations of neutrino
mass in matter (gravitational strength couplings!)

- Different energy dependence from gauge interactions,

Ap ) (Am,) (ﬁﬂ) (Iﬂ;‘e\’)

10—+

i

in many models, actually sterile neutrino
mass varying + mini seesaw
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Comparing experiments considering matter effects

Zurek 04
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Comparing experiments considering matter effects

Zurek 04
Only experimental evidence for m_ in air:
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454040302401

FIG. 1: Am* — Am* x (:—)! (including air path length). Upper
plot shows relative-y* confidence level contours on the Am~ versus n
plane, obtained when taking into account both high and low density
matter path lengths. The lower plots display the ¥~ — ,r' contours,
with confidence levels shown, at the best- mparamavalu:s- Abe et al. ‘08
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Signals: Solar Neutrinos

- New matter effects can modify solar neutrino signals

improve fit / modify spectrum
of neutrino survival probability

Gonzalez-Garcia,
de Holanda,
Funcal '05

Barger, Huber, Marfatia '05
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Signals: Solar Neutrinos

- New matter effects can modify solar neutrino signals

improve fit / modify spectrum
of neutrino survival probability

Gonzalez-Garcia,
de Holanda,
Funcal 05

Barger, Huber, Marfatia '05

* All comparisons are in given model
* Provides important comparison for standard MSW
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Signals: Solar Neutrinos

- New matter effects can modify solar neutrino signals

improve fit / modify spectrum
of neutrino survival probability

Gonzalez-Garcia,
de Holanda,
Funcal 05

Barger, Huber, Marfatia '05

* All comparisons are in given model
* Provides important comparison for standard MSW
* Extracting Be neutrino flux key for testing new forces

Q7/17/2008
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Reactor Neutrino Experiments
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Reactor Neutrino Experiments

- Short baseline experiments offer strong
possibility of constraining new matter effects
(Schwetz & Winter '05)

a7/17/2008 N. Weiner CC

{
L=,




Reactor Neutrino Experiments

- Short baseline experiments offer strong

possibility of constraining new matter effects
(Schwetz & Winter '05)

- Multiple experiments with different
environments (e.g. double CHOOZ + Daya Bay)
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Reactor Neutrino Experiments

- Short baseline experiments offer strong
possibility of constraining new matter effects
(Schwetz & Winter '09)

- Multiple experiments with different
environments (e.g. double CHOOZ + Daya Bay)

- Different path environments in same exp (Daya
Bay)

- Movable detector remove systematics
(Schwetz & Winter)

- Simple modification: change shielding for near
detector
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Cosmo Consequences: Late Forming
Dark Matter (Sbes.Nw06)
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Cosmo Consequences: Late Forming
Dark Matter (Sbes.nw06)

- Very exciting possibility - neutrino mass
associated with phase transition
- What happened to that energy?
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Cosmo Consequences: Late Forming
Dark Matter (Soes.nwe)

- Very exciting possibility - neutrino mass
associated with phase transition
- What happened to that energy?
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Phase transition should occur at T~mpeu/g2
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Cosmo Consequences: Late Forming
Dark Matter (Sbes.nw )

- Very exciting possibility - neutrino mass
associated with phase transition
- What happened to that energy?
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- Phase transition should occur at T~mpeu/g>

- Should appear as dark matter today!
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Power at small scales
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Power at small scales

- Dark matter doesn't become dark matter

until z,__,
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Power at small scales

- Dark matter doesn't become dark matter
until z,__,
- Power spectrum determined by power of
thermal species (i.e., neutrinos)
é-p.Dl'\/f(‘rL‘:# ztach) X (STIJ(:L‘: ztach)
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Power at small scales

- Dark matter doesn't become dark matter
until z,_,

- Power spectrum determined by power of
thermal species (i.e., neutrinos)
5PDM('I7 zta.ch) X JTI,(:L‘, ztach)

CDM P(k) gives snapshot of universe at z, _,

0
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estimate 10_3 > ktach > ].02

logically separate from, but motivated by, neutrino

dark energy theories
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Stability of late-forming dark matter

Bjelde, Das, NW

» Oscillating neutrino mass field = DM can
decay into neutrinos, filling the Fermi sea

- Leads to a modified equation of state for
dark matter, redshifting slightly faster
than a™

* "Preheating dark matter”

- could be constrained from tilt in power
spectrum, or modification to ISW effect
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Summary

- Dark energy motivates consideration of new physics
scale ~ 103 eV
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Summary

- Dark energy motivates consideration of new physics
scale ~ 103 eV

- Neutrinos ideal probe in SM
- Interactions lead to varying mass

- Relic neutrinos may be source of acceleration

- Testing dark energy with neutrinos

- Neutrino oscillation exps shed light on non-standard neutrino
cosmology

Late time phase transition gives DM naturally in these
theories

- may leave strong imprint on presently nonlinear scales

All these things may point to a new scale of physics at
103eV
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Dependencies of neutrino mass

- Expect neutrino mass to be dynamical

de.pends e @ Depends on
Higgs vev 7

/ other vev
VAVaY “acceleron”

Suppose <A> is smalland m, ~ m_.
What happens to neutrinos at finite density?
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Mass Varying Neutrinos

drives A to
V(A) small values

drives A to (m, to large
large values (m, to small values) values)
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Mass Varying Neutrinos

drives A to
m !
D
V(A) small values
drives A to (m, to large
large values (m, to small values) values)
=
A~1/m,
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Mass Varying Neutrinos

drives A to
small values

n, 52)HV (A

drives A to (m, to large
large values (m, to small values) values)
E from scalar
~— | potential
A~1/m,

Q7/17/2008 N Weiner CC

{
L=,
O




