v Beyond the v
Standard Models

Recent Developments in v BSM



Ddhé Mcder

what the heck is it?
What handles do we have?
v interaction?



From recent Particle Physics Project
Prioritization Panel (P5) Report

“There are many well-motivated ideas for
what dark matter could be. These include
weakly interacting massive particles
(WIMPs), gravitinos, axions, sterile
neutrinos, asymmetric dark matter, and
hidden sector dark matter. The masses and
interaction strengths of these candidates
span many orders of magnitude, and, of
course, the dark matter could be composed
of more than one type of particle.”
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How to theoretically progress?

® Top down inspiration? (WIMP, axion)
® Effective field theory bottom up!?

® Decoupling--Many more models of fundamental
physics than low energy parameters, low energy
physics always underconstraining



Clues?
Great match between simulation and
observation, except (see Slatyer lectures):

‘missing satellites”
“too big to fail”
‘core vs cusp”
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Fig. 1.6. Mass function for Myp = M (< 300pc) for MW dSph satellites and dark
sublinios in the Vin Lactea 11 stmulation within a radius of 400 kpe. The shoct-
deashed curve is the subhinlo mass function from the stmulation. The solid curve is
the median of the observed satellite mass function. The error bars on the ohserved
mass function represent the upper and Jower limits on the number of configurations
that occur with a 98% of the time (from Wolf et al, in preparation). Note that the
musznateh is about ~ | order of magnitude at Mypy ~ 10F M, and that it grows
significantly townrds lower munsses.

Simulation predicts MANY
more dwarf satellites than
observec

James Bullock, arXiv:1009.4505

suppressed structure
formation below
~108 solar masses”



Warning! Some (or all?) of these problems might be
solved by properly including effects of baryons
(esp. supernovae) in simulations!

see e.g. Pontzen and Governato, arXiv:1106.0499,
"How supernova feedback turns dark matter cusps into cores”

Phenomenological, not derived from first principles



Suggested Resolution

“baryonic” (failure to form stars, supernovae feedback)

warm dark matter
(velocity dispersion too high to form small structures)
examples: few keV gravitino, few keV sterile neutrino

Strongly self-interacting dark matter

substantial v-dark matter interaction



Kinetic decoupling of Dark Matter from
relativistic stuff and structure formation




Structure Formation and
Dark Matter couplings

* Chemical decoupling first (freezeout, or

asymmetric dark matter)

» Kinetic decoupling at temperature T,
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horizon T > Td

small scale perturbations
coupled tov's
oscillate, don't grow

M o: suppressed structure Loeb & Zaldarriaga, astro-ph/0504112
3
A 3.4 [ keV
Mao = ppm ——H, S 2 X 108M®\/— (
3 Jeft 14

larger coupling=Ilower Ty= larger M,
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1 <1,

DM perturbations can grow due to gravity

DM has velocity dispersion, also damps small
scale structure due to free streaming (Green,
Hofmann & Schwarz, astro-ph/0503387)

T
For Ts < 100 keV ( X )
oF fd “Y\10 MeV

Mao dominates over free streaming
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Y mixing, v force

H2

LD — My —fzgj — MN{Ny — \;N{HY, — y1¢*N1X — y2¢N2X

V2

first term gives tiny Majorana v masses

last four terms conserve lepton number

mass matrix from first three terms:

3 very light Majorana v’s, mass from first term

1 heavy (e.g. eV—TeV) Dirac v, mass \/M2 T Z)\?U2

4x4 v mixing matrix

V; = UIJ IQJ .
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1/4
geff MX A
T) ~ k (
a~keV {3y (10 MeV) (60 MeV)

2 2 2 COR
g =12 \/|U ea|” + |Upa|™ + |Ur4] A ~ \/ 7’7’2.(-;) — 77’2..;)( /g

» kinetic decoupling of Dark Matter at ~keV suppresses
structure below ~ 108 solar masses

* to address missing satellite problem, want DM mass~ 10
MeV, |Ues|® + |Upa|” + |Urg|* >~.1
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Impact on v physics searches

e v propagation in matter: standard flavor basis

has no effect, e« ldentity
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non-standard Iinteractions
(NSI)
4x4. 3 small

eigenvalues Vee Ve

N m? V.
He — I nc
7 9oR +

 may have complicated pattern of 4 neutrinos
MIXINg

* In 3+1 scenario could integrate out heavy neutrino

e 3 light neutrinos have non-standard Neutral and
Charged current interactions
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3+1 with 1 heavy v

Integrate out heavy v

3 light v are linear combinations of active flavor and
sterile flavor state

Add higher dimension operators to low energy
effective theory to modity couplings of light v

Allows “instant” flavor change, e.g. “v;” produced in -
decay (very constrained for v, appearance in v, beam)

V propagation:

9 Voo cOS2 0,4 V... cos? 0.4
m 2
Heg = Yo + + Ve cos® 0,4

V... COS? 974>
18



Constraints
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Recall: |Ueal” + |Upal® + |Ura|*> 0.1 needed for sufficient
DM Interaction



sub MeV Sterile v -, =120 il

GeV

e |aboratory constraints from oscillations

+ start with this formula  Pas = | Y Ua;Up e~ 212
J
* put for m4 heavier than 100 eV no observable
interference between heavy and light states
i=123 (e~ #%i4) =)

2
e Even at L=0, Pab = 2 ‘Ua4Ug4‘



sub MeV Sterile v cont

e strong con%traints from v, appearance in v, beam
on |Ue4U:4|

 For > 1 heavy neutrino, can still get destructive
interference, constrain 2

> UeUy;

Jj>3




Butt cohat aéan‘ cCosSrol ogy?

* New particles lighter than ~ 10 MeV may be highly
constrained by

* nucleosynthesis
e CMB constraint on number of relativistic states

« CMB and large scale structure constraints on
new particles between ~0.3 eV and several keV



Steigman talk at INT Program
“Neutrino Astrophysics and Fundamental Properties”

BBN & The CMB WITH A Light WIMP

Very light WIMPs, relics that were in thermal
equilibrium In the early Universe when T > m,
annihilate late in the early Universe, when T =
m, changing the energy and entropy densities

at BBN and at recombination.

The light WIMPs need not be the Dark Matter.

They could be a subdominant DM component.




Steigman, cont

An Electromagentically Coupled Light WIMP

A light WIMP that annihilates to e* pairs and/or
photons, after the neutrinos have decoupled,

heats the photons relative to the neutrinos.
— (T,/T), < (4111)"® = Ny < 3, where
N° . = N_. in the absence of Dark Radiation.

For m > ~1 keV, the extra photons thermalize,
diluting the post — BBN baryon to photon ratio.




Steigman, cont

Neﬁ0 As A Functlon Of The WIMP Mass
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Steigman: Light

—-M coupled DM allows New v!

> J0|lntl BIBN + CMB F|t (2014)

- AN, vs. Qgh? EM Coupled ]
| |—Stefil ino Allowed —
0 AN, =0 Allowed ?

" AN, =0.65(+0.45,-0.37)

s Qzh? = 0.0223 =+ 0.0003 1

_1 N [ Y R T AN S N N

.02

0.022 0.023 0.024
Q. h?




Other cute v tricks

* masses, mixing depend on new scalar vev (not
Higgs)

* |t scalar is light, vev can be highly environment
dependent

 MassVaryingNeutrinos (MaVaNs), can decouple
terrestrial, cosmological, supernovae constraints.
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Dark Enerqy

what the heck is it?
What handles do we have?
v interaction?
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Vv phgslcs begov»d the standard
model at the meV scale?

* Dark Energy Density: pDE%” 2x1073 eV

. . 2 104
See Saw Scale: M, /MPl 1077 eV

e oravitino mass in some supersymmetric models ~107> eV

e new scalar mass 1n hidden nearly supersymmetric sector could
be naturally sub meV

)2-9x10°3 eV

* Neutrino masses: (Am?_ ..

* (Am?2 )?~5x1072 eV

atmospheri
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Mass \/er/ng Nectlrinos
(MaVaNs)

connection between neutrino mass and dark energy?
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The ‘mint-seesaw’ MavaN Model

Assume “Dark Sector” (= unknown particles with no standard

Model charges) contains light
w “Acceleron” scalar field A

wfermion fields W (aka ‘sterile’ or ‘righthanded’ v)

wYukawa couplings Ann
w Scalar potential V(A)

“Our sector’ contains

@ Active Neutrinos V Q
w Higgs Field H

Allow tiny (y =0 (1 0“l ]—1 0’]5) ) couplingy Hnv

0 y <H> ‘DLrac’ Mass
. . N M. —yYy<tH>
> Neutrino mass matrix \ v <H> 1. <A> p=Y=H
| ~1 eV-0.0001 eV
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varying Effective Potential for A as
Neuwtrino olewsita decreases

Energy
Density in
Neutrino

mass

Combined
effective
potential

Seesaw:
Al m

active m,1

Energy Densit
sterile my! o !

in Acceleron
Potential




qeneral constderations for
Varying parameters

Varying Parameter™ New Field
(e.g. varying mass™ Higgs)

Significant effects require fields which are lighter
than scale of affected physics—for cosmology, this
means new sub-meV bosons

(not necessarily as light as H~10-33 eV)

Is a light, weakly coupled new sector
natural?
consistent with expt?
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A Technically Natural Model

(except cosmological constant)
Gauge Mediated Susy Breaking Model with

m,, ~ 102 eV

Nearly hidden nearly supersymmetric sector containing
A, n chiral superfields

W oy Hvwn+AAnn , A~1,y~ 1011
susy breaking masses for A, 1 scalars

MM 103 eV

V 5 R A4+ 402 |AR]R - 2 |2 +

yZ [HAl? + .42 |Al> + constant
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Cosmology test of SUSY
MaVaNs

- early universe: higher neutrino density, effective
potential favors large(4)

» Heavy sterile neutrinos, light active neutrinos

~

 Today: (A) stuck in local minimum with eV sterile
neutrinos, dark energy

» Future: true minimum with nonvanishing (7) , vanishing ( A)
no dark energy.
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summary

Y Mass is new physics, even in minimal case requires new “sterile” fermion
“sterile”=no standard model interactions
v oscillations signatures of light and heavy sterile v
v possible interactions for “sterile” particle

e v Interacting dark matter

e v interactions with dark energy scalar field

« MaVaNs

SUSY+ gauge mediation, natural light scalar for MaVaNs

MaVaNs allow “cosmologically inconsistent” v mass and sterile v’s

36



