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General consensus on 
energy budget of Universe
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MillXXL
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MillXXL

The Universe isn’t 
totally homogeneous…



What does it tell us 
about dark matter?
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How does structure 
form?
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Imagine massive particles coupled 
to a light force (not gravity) carrier, 

i.e. radiation

e.g. baryon collapse 
resisted by photons

structure starts to form when no pressure 
(i.e. particles decouple from force carrier)

structures smaller than horizon size at  
decoupling are suppressed

Basic physics that sets the scales of structure formation
Loeb & Zaldarriaga
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What is decoupling scale?

How many scatters for O(1) 
momentum change?

(�pm)N ⇠
p
N (�pm)1 ⇠

p
NT

) N ⇠ m

T

Compare rate for N 
scatters to Hubble

nr�

N
⇠ T

m
nr� ⇠ T 4

m
� > H
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⇤4
, H / T 2

MPl
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Given       it’s convenient to express a cutoff scaleTd

Structures smaller than this don’t form

Mcut = ⇢m (Td)
4⇡

3
H�3

d ⇠ 108M�

✓
Td

keV

◆�3
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Weakly Interacting Massive Particle

Stable, uncharged particle      with mass roughly

m� ⇠ mZ , mW , mh ⇠ 100 GeV/c2

�

�

�

Z, h

SM

SM

Common in extensions of 
the Standard Model, e.g. 

SUSY, extra dims., …

Often easy to get correct DM 
abundance today
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What decoupling temperature/cutoff 
scale do we expect for a WIMP?

What does structure tell us about 
WIMP DM?
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Recall decoupling temp. is determined by 
interaction strength of DM with radiation
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Recall decoupling temp. is determined by 
interaction strength of DM with radiation

Td =

✓
⇤4m�

MPl

◆1/4

� =
T 2

⇤4
with

WIMP: ~100 GeV Td ⇠ 10 MeV

i.e. WIMP DM should behave as if non-interacting for 
structure down to smallest observable scales

What does the data say?

Mcut ⇠ 108M�

✓
Td

keV

◆�3

⌧ M�
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Large Scales Look 
Good for WIMPs

astro-ph/0310725

astro-ph/0604561
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Via Lactea

O(1000s) expected

Count satellites of Milky Way-like 
galaxy
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Via Lactea

O(1000s) expected

30-40 seen

Count satellites of Milky Way-like 
galaxy

Count satellites of Milky Way galaxy
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Bullock, arXiv:1009.4505

Compared to 
expectation, 
fewer small 

halos orbiting 
Milky Way-

sized galaxy

Suggestive of a cut off Mcut~107-9 M!, much larger than WIMP case

“Missing Satellites”

Td~1 keV
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N-body simulations 
indicate that most massive 

MW satellites more 
massive than those we 

know, i.e. large enough to 
form stars

Boylan-Kolchin, Bullock, Kaplinghat, arXiv:1111.2048

Could be selection bias?

m
as

s

brightness
“Too Big to Fail”
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Oh et al., arXiv:1011.0899

DM density profiles 
appear flatter, less 

cuspy at center 
than expected

“Core vs. Cusp”



26

Potential Resolutions
Could be fixed by baryonic effects

DM could be “warm”

DM could self-interact

DM could interact with the 
“plasma”

(Brooks, Governato, Pontzen, ++)

(See talk by O. Ruchayskiy)

(See talk by S. Tulin)

1311.0282

1302.3898
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Potential Resolutions
Could be fixed by baryonic effects

DM could be “warm”

DM could self-interact

DM could interact with the 
“plasma”

(Brooks, Governato, Pontzen, ++) 1311.0282

1302.3898
(See talk by O. Ruchayskiy)

(See talk by S. Tulin)
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so want Recall

Need to build a model!

Boehm, et al. 
Shoemaker, 1305.1936 
van den Aarssen et al., 1205.5809 
Hooper et al. 0704.2558

Mcut ⇠ 108M�

✓
Td

keV

◆�3

Le↵ =
1

⇤2
⌫̄⌫�̄� ) � =

T 2

⇤4

Td ⇠
✓
⇤4m�

MPl

◆1/4

⇠ keVthen

⇤4m� ⇠ (100 MeV)5if

EFT analysis highlights a small energy scale

(Note: large annihilation cross 
section implies asymmetric DM)
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Model Building at Low Energy Scales
SU(3)c ⇥ SU(2)L ⇥ U(1)Y ! SU(3)c ⇥ U(1)em

Standard Model 
symmetries

Standard Model 
particle content

H =

✓
⇢+

v + h+ ⇢0

◆
Ga

µ, W b
µ, Bµ ! Ga

µ, Aµ

Renormalization: lower dim. operators (fewer fields/particles) 
more important 

` =

✓
⌫L
eL

◆

q =

✓
uL

dL

◆

eR

dRuR (
⇥3
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Model Building at Low Energy Scales

Portals: coupling via stuff uncharged w.r.t. SM

`H Nneutrino:

kinetic 
mixing: Fµ⌫ Vµ⌫ Higgs: H†H S2

SU(3)c ⇥ SU(2)L ⇥ U(1)Y ! SU(3)c ⇥ U(1)em
Standard Model 

symmetries

Lead to minimal difficulties incorporating hidden sectors
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Model Building at Low Energy Scales

Portals: coupling via stuff uncharged w.r.t. SM

`H Nneutrino:

kinetic 
mixing: Fµ⌫ Vµ⌫ Higgs: H†H S2

SU(3)c ⇥ SU(2)L ⇥ U(1)Y ! SU(3)c ⇥ U(1)em
Standard Model 

symmetries

Lead to minimal difficulties incorporating hidden sectors

(likely already used: 
neutrino masses)
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⌫⌫

NN

��

�

Simply coupling DM to the “neutrino portal”          leads to DM decay`H�

L � �mij

v2
(H`i) (H`j)�MN1N2 � �iN1H`i � y1�

⇤N1�� y2�N2�+ h.c.

lepton number conserved (for 
small ν masses & large mixing)

(

Minimal Model

Can avoid with 2 new particles N,�

and     have (opposite) “dark charge”��

Effective neutrino-DM 
interaction generated

sin ✓

y2
See talk by B. Batell
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DM coupling to each neutrino flavor determined by 
mixing angle with sterile neutrino

Mixing angle affects 
known known 

neutrino properties

Strong limits on e, μ 
single out mixing with τ 

as promising

N̂

[Note: heavy (mostly sterile) ν 
decays invisibly]

e
μ
τ

⌘
si
n
2
✓ `
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DM coupling to each neutrino flavor determined by 
mixing angle with sterile neutrino

Mixing angle affects 
known known 
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Neutrino Oscillations
Assume mixing is dominantly with τ, just 1 

more mixing angle in addition to the usual 3, 
and just 1 more (large) mass splitting

U =

0

BB@

U3⇥3
e1 U3⇥3

e2 U3⇥3
e3 0

U3⇥3
µ1 U3⇥3

µ2 U3⇥3
µ3 0

c✓U
3⇥3
⌧1 c✓U

3⇥3
⌧2 c✓U

3⇥3
⌧3 s✓

�s✓U
3⇥3
⌧1 �s✓U

3⇥3
⌧2 �s✓U

3⇥3
⌧3 c✓

1

CCA

|Ue2|2, |Uµ2|2 + |U⌧2|2

|Ue1|2 |Ue2|2

|Uµ3|2
⇣
1� |Uµ3|2

⌘

|Ue3|2
⇣
1� |Ue3|2

⌘

|Ue3|2 |Uµ3|2

solar neutrinos
KamLAND

atmospheric/accelerator
short baseline reactors

long baseline accelerator

Solar neutrinos 
potentially 
sensitive

)

sin ✓⌧ < 0.6

Uncertainty on 
flux (8B)~15%
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Neutrino Oscillations
Assume mixing is dominantly with τ, just 1 

more mixing angle in addition to the usual 3, 
and just 1 more (large) mass splitting

m4 ⇠ 10� 100 MeV

m1,2,3 . 0.1 eV

⌫⌧N

⌫⌧ ⌫µ ⌫eN

⌫⌧ ⌫µ ⌫eN

⌫⌧ ⌫µ ⌫eN

Large mass splitting: 
tiny oscillation length

little affected by 
✓12, ✓13, ✓23

✓⌧

Light states admixtures of
⌫e, ⌫µ, ⌫⌧N = c✓⌫⌧ + s✓N
with usual solar/atmos. 

splitting
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H =

✓
�m2

4E

◆✓
� cos 2✓ sin 2✓
sin 2✓ cos 2✓

◆
+

✓
Vµ 0

0 V⌧N

◆

Atmospheric Neutrino Oscillations

vs.⌫
⌫

detector

Vµ = �GFp
2

nn ⇠ 1

4000 km

V⌧N = �GFp
2

nn cos ✓⌧

⌫µ, ⌫⌧N Hamiltonian:

Oscillation pattern depends on 
amount of matter traversed

sin ✓⌧ < 0.42

Super-K, arXiv:1410.2008
(stat. limited!)

✏⌧⌧ =
1

6

✓
V⌧N

Vnc
� 1

◆
=

sin2 ✓⌧
6

Non-standard int.[ [
see de Gouvea for DUNE study
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DM coupling to each neutrino flavor determined by 
mixing angle with sterile neutrino

Mixing angle affects 
known known 

neutrino properties

Strong limits on e, μ 
single out mixing with τ 

as promising

N̂

[Note: heavy (mostly sterile) ν 
decays invisibly]

e
μ
τ

⌘
si
n
2
✓ `
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Given these constraints, what 
Mcut can we achieve?

C
M

B
 +

 B
B

N

m χ
 > m φ
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g CMB
+
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τ decays + ν oscillations
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109 M⊙
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107 M⊙

mφ = 20 MeV
mφ = 40 MeV

si
n
✓ ⌧

Find interesting values for 10-100 MeV masses



Other implications?

41
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Neutrinos from Supernovae
MeV energy neutrinos 
from SN scatter on DM

Resonance at can be in the right range

g=0.1, Mcutoff=107M⊙

g=0.3, Mcutoff=108M⊙

g=0.6, Mcutoff=109M⊙

0 10 20 30 40 50
0.20
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0.30

0.35

0.40

0.45

0.50

Eν (MeV)

Fe

Electron neutrino fraction (SN1987A)
mχ=10 MeV, mϕ=20 MeV, ℓ=51 Kpc
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Supernovae Limits
Neutrinos produced in SN at T~30 MeV

Initial neutronization burst of νe followed by cooling

DM light enough to be produced but doesn’t 
contribute to cooling, thermal dist. with neutrinos to 
large radii

Neutrinos free stream when density is low, T~5 
MeV: DM production suppressed, similar to 
strong ν self-interactions

Fayet, Hooper, & Sigl, hep-ph/0602169 find 

Mangano et al., hep-ph/0606190 & 
Boehm et al., 1303.6270:

 (Further work in progress w/ Bertoni, Nelson & Reddy)
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Large fraction of DM gravitationally bound: vesc ~0.5 c

Is location (temperature) of ν-sphere changed?

What are effects of flavor?

Very complicated…

Could ν “dwell” time be increased?

 (Further work in progress w/ Bertoni, Nelson & Reddy)

Supernovae Limits



45
|us|V

0.215 0.22 0.225
|us|V

0.215 0.22 0.225

 decays, FlaviaNet 2010l3K
 0.0013±0.2254 

 decays, FlaviaNet 2010l2K
 0.0013±0.2252 

CKM unitarity
 0.0010±0.2255 

, HFAG 2012νπ → τ / ν K→ τ
 0.0021±0.2229 
, HFAG 2012ν K→ τ
 0.0022±0.2214 

 s inclusive, HFAG 2012→ τ
 0.0022±0.2173 

 average, HFAG 2012τ
 0.0015±0.2202 

HFAG-Tau
Winter 2012

Future tests
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ALEPH 
data

τ decays

τ→K decays 
slightly low...

1412.4785



Question: 
Can an O(3-4k) ντ sample at 

SHiP impact a scenario like this? 

46
(see talk by N. Serra)



Wrap up
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Lots of observations point to DM

We know some general characteristics of DM

Structure formation tells us CDM paradigm 
might be under stress

Could be pointing to DM’s nongrav. interactions!

Described (one way to get) DM-neutrino interactions

Can test it terrestrially!



Back up

48



Neutrinos from SN: 
Core vs. Cusp?

Feedback from baryons 
could be a possible sol’n 
for cuspy halo problem

1051 ergs⇥ ✏SN
transferred from SN to DM

an interesting value✏SN ⇠ 0.1� 0.4

In
iti

al o
rbit

Dense, star-
forming gas

Dark matter
particle

Gas driven away 
from centre

Gravitational force 
insufficient

Particle migrates 
outwards

Force returns to 
original 

strength...

... but is weaker at large 
distances, so the particle 

cannot be pulled back 
to its old orbit.

Gas cools & 
flows back in

Fi
na

l o
rb

it

Fgrav

Fgrav

Process can repeat. Analytic arguments and simulations 
show effect accumulates with each episode.

Pontzen & Governato, 1402.1764



Neutrinos from SN: 
Core vs. Cusp?

Feedback from baryons 
could be a possible sol’n 
for cuspy halo problem

1051 ergs⇥ ✏SN
transferred from SN to DM

an interesting value

Find Mcut = 109M�for

�W ⇠ 1

30

GM2
enc

r0
⇠ 3⇥ 1054 ergs

✓
Menc

109M�

◆2 ✓ r0
kpc

◆compare against
h
⇢ (r) =

1

r
! const.

i

✏SN ⇠ 0.1� 0.4

✏⌫� ⇠ 1

2
⇥ 1

3
⇥ 1

E⌫

Z
dE0

⌫ (E⌫ � E0
⌫)

d�⌫�

dE0
⌫

⇥
Z

d`n�

✏⌫� ⇠ 10�3

1053 ergs⇥ ✏⌫�

) NSN ⇥ ✏⌫� ⇠ 30
But only a small fraction of DM 
scattered...maybe including all stars? 
(In progress w/ Nelson & Weiner)
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DSNB
Same process as for 

nearby SN

Farzan & Palomares-Ruiz 1401.7019

Potentially visible at Hyper-K
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Couplings to electrons

What about couplings to other leptons?

Work in progress w/ R. 
Essig & Y. Zhong

Ali-Haimoud, Chluba, Kamionkowski
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Couplings to electrons

Work in progress w/ R. 
Essig & Y. Zhong

Ali-Haimoud, Chluba, Kamionkowski
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photons gives negative 
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canceled by, e.g., sterile 
neutrino
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Couplings to electrons

Barger et al. hep-ph/0306061
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BBN constraints on 
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asymmetry

�Ne↵
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