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Evidence for cold dark matter

Cosmic Microwave Background

Large Scale Structure

'SDSS (M. Blanton)
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The observed energy content of the universe
0.04175+0.00004 pJ/m? photons

37.6+0.2 p)/m?
ordinary matter

535+7 pJ/m? 1 to 4 pJ/m?3 neutrinos
nJ/m

dark energy
201+2 pJ/m?
cold dark matter

matter p<p

radiation p=p/3 10
P=p Planck (2015) Lpl=10"J
vacuum p=-p TLTE EE+HowP+lensing et peri=1.68829 A2 pJ/m’



From CMB fluctuations to galaxies

Galaxy formation



From CMB fluctuations to galaxies

Large Scale Structure Cosmic Microwave Background

'SDSS (M. Blanton) '

An invisible mass makes the Cosmic
Microwave Background fluctuations grow
into galaxies (CMB and matter power
spectra, or correlation functions)



Evidence for cold dark matter

Cosmic Microwave
Background fluctuations

Planck
WMAP9 |
ACT

SPT

Planck+WP+highL+BAO

Parameter Best fit 68% limits

0.022161 0.02214 + 0.00024
0.11889 0.1187 +0.0017
1.04148 1.04147 + 0.00056
0.0952  0.092 +0.013 ! . . . . N ]

0.9608 4 0.0054 500 1000 | 1500 2000 2500 3000
3.091 +0.025

0.6914  0.692 = 0.010
0.8288  0.826 = 0.012
11.52 1.3+ 1.1
6777  67.80+0.77
13.7965  13.798 = 0.037 general relativity and statistical
1.04163  1.04162  0.00056 mechanics at 104K ~ | eV/k

147.611  147.68 + 0.45

linear perturbation theory




From CMB fluctuations to galaxies

Cosmic
Microwave
Background
fluctuations

WMAP 7yr 3
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From CMB fluctuations



From CMB fluctuations to galaxies

FIucFuaFlons are too.small to Baryon
gravitationally grow into galaxies Acoustic
in the given |3 billion years. Oscillations
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From CMB fluctuations to galaxies

Fluctuation uncoupled Dark matter is non-baryonic

to the plasma have More than 80% of all matter

enough time to grow does not couple
to the primordial plasma!  spss
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From CMB fluctuations to galaxies

Kravtsov, Klypin



Cold/warm/hot dark matter

Bode et al 2001



Cold/warm/hot dark matter

Fourier analysis of density fluctuations

d>k

0 D .
_10 . 5k 6zk-r -
0 2T

Matter power spectrum

Bode et al 2001



From CMB fluctuations to galaxies

Cold dark matter matches the observed
mass distribution from galaxy clusters to
g ﬂ\L_.ﬂ. the Hubble horizon
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Cold/warm/hot dark matter
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Cold dark matter matches the observed
mass distribution from galaxy clusters to
the Hubble horizon
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Neutrinos as dark matter

Cosmology
provides
upper limits
on neutrino
masses

Ym<0.23 eV

Future reach
~0.06 eV




Neutrinos as dark matter

® Neutrino oscillations (largest Am? from SK+K2K+MINOS)
place a lower bound on one of the neutrino masses,
my > 0.048 eV

® Cosmology (CMB+LRG+Hjo) places an upper bound on the
sum of the neutrino masses, > my < 0.44 eV

® Therefore neutrinos are hot dark matter (my < Teq=1.28 eV)
with density 0.0005 < Qyh? < 0.0047

Detecting this Cosmic Neutrino Background (CNB) is a big challenge

Known neutrinos are hot dark matter



Neutrinos as dark matter

VoLuME 29, NUMBER 10 PHYSICAL REVIEW LETTERS 4 SEPTEMBER 1972

An Upper Limit on the Neutrino Rest Mass™

R. Cowsikt and J. McClelland
Deparviment of Physics, University of California, Berkeley, California 94720
(Received 17 July 1972)

In order that the effect of graviation of the thermal background neutrinos on the expan-
sion of the universe not be too severe, their mass should be less than 8 eV /c“,
Recently there has been a resurgence of inter- and
est in the possibility that neutrinos may have a
finite rest mass. These discussions have been ”_ . = 2s;+1 (=  pidp
in the context of weak-interaction theories,' pos- . ' J, explE/kT(z,)]-1"
sible decay of solar neutrinos,”? and enumerating

(1b)

e

Then my<8 eV/c?

from upper bound on p

" : Here n,; is the number density of fermions of
meson.* : . . : .

Now my<0.44 eV/c2 from

upper bound on dpy 240

T, = (4/11)Y3Temp = 168ueV /k




Neutrinos as dark matter
0.04175+0.00004 pJ/m? photons

37.6+0.2 p)/m?

Neutrinos ,
ordinary matter

1 to 4 pJ/m? neutrinos

535+7 pJ/m?

dark energy
201+2 pJ/m?
cold dark matter

The observed energy
content of the Universe

matter p<p

radiation p=p/3 10
P=p Planck (2015) Lpl=10"J
vacuum p=-p TLTE EE+HowP+lensing et peri=1.68829 12 pJ/m’
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“For any complex physical
phenomenon there is a simple,
elegant, compelling, wrong
explanation.”

Thomas Gold, 1920-2004,
Austrian-born astronomer
at Cambridge University
and Cornell University



Cold dark matter or modified gravity?



Cold dark matter or modified gravity?

Modified Newtonian Dynamics New constant ofnature;
or universal acceleration ao
MOND

F=ma for a > ao

F583—4 F=ma?/ao for a < ag

Including distance errors
'5

MOND fit

-
‘Az (M/L only; ao fixed)

Stars

HI-Gas




Cold dark matter or modified gravity?

e MOND (F=ma?/ao for a<universal ao) is only non-relativistic and
so cannot be tested on cosmological scales

* TeVeS, MOND’s generalization, contains new fields that could be
interpreted as cold dark matter interacting only gravitationally. It

does not reproduce the pattern of CMB peaks.

* There are other ideas, like conformal gravity, but are less studied



Cold dark matter, not modified gravity

Symmetry argument: gas is at
center, but potential has two wells.

The Bullet Cluster




Cold dark matter, not modified gravity

Bekenstein’s TeVeS ‘ : 800 1000 1200
does not reproduce '
the CMB angular
power spectrum
not the matter

power spectrum 1000

0.01
k (hMpc!)

FIG. 4: The angular power spectrum of the CMB (top panel)
and the power spectrum of the baryon density (bottom panel)
for a MOND universe (with ap ~ 4.2x 10”%cm/s?) with Qa =
0.78 and 2, = 0.17 and Qp = 0.05 (solid line), for a MOND
universe 24 = 0.95 and Qg = 0.05 (dashed line) and for the
A-CDM model (dotted line). A collection of data points from
CMB experiments and Sloan are overplotted.

Skordis, Mota, Ferreira, Boehm 2005



Evidence for cold dark matter

Cosmic Microwave Background

Large Scale Structure

'SDSS (M. Blanton)

v (km/s)

observed

100 -

expected

'/ : "/ * v

METOMSes HETO Yo METIATw METCAL o HETOSSY
Ma

A. Riess

g .

Galaxy Clusters

; Yorahi e~ SN
‘Abell 1689 (HST/ACS, Benitez et al: 2003), /-~

v .

-

v L oW A

‘Buliet'

L from
- "=~~___ luminous disk
10 R (kpc)
... M33 rotation curve

/ ; l\’Bla}nto;

| v ."'.;‘:.;‘.Mafkévitg;'h ét a™2004, ;
ot o7 Clowg et al. W004 -»

e




Is cold dark matter an elementary particle?

IS HINCHLIFFE’S RULE TRUE? -

Boris Peon

Abstract

Hinchliffe has asserted that whenever the title of a paper

is a question with a yes/no answer, the answer is always no.

This paper demonstrates that Hinchliffe’s assertion is false,

but only if it is true.




What particle model for dark matter?

® |t should have the cosmic cold dark matter density

® |t should be stable or very long-lived (= 10%* yr)

® |t should be compatible with collider, astrophysics, etc. bounds

® |deally, it would be possible to detect it in outer space and
produce it in the laboratory

® For the believer, it would explain any claim of dark matter
detection (annual modulation, positrons, gamma-ray line, etc.)



Which particle is cold dark matter?

ELEMENTARY is th icle of ligh
B ARTICT BS Q is the particle of light

® couples to the plasma

Q disappears too quickly

® is hot dark matter

Force Carriers

Leptons | Quarks

No known particle can be cold dark matter!



Particle dark matter

Thermal relics

in thermal equilibrium in the early universe

neutrinos, neutralinos, other WIMPs, ....

Non-thermal relics

never in thermal equilibrium in the early universe

axions, WIMPZILLAs, solitons, ....



Particle dark matter

Hot dark matter

- relativistic at kinetic decoupling (start of free streaming)
- big structures form first, then fragment

light neutrinos

Cold dark matter

- non-relativistic at kinetic decoupling
- small structures form first, then merge

neutralinos, axions, WIMPZILLAs, solitons

Warm dark matter

- semi-relativistic at kinetic decoupling
- smallest structures are erased

sterile neutrinos, gravitinos



Particle dark matter

e SM neutrinos

e lightest supersymmetric particle (cold) thermal relics
e lightest Kaluza-Klein particle (cold)
e sterile neutrinos, gravitinos (warm)
e Bose-Einstein condensates, (elle)
axions, axion clusters :
non-thermal relics
e solitons (Q-balls, B-balls, ...) (cold)
e supermassive wimpzillas (cold)
MEN T Interaction strength range
1022 eV (10°°g) B.E.C.s Only gravitational: wimpzillas
108 Me (1072°g) axion clusters Strongly interacting: B-balls




Particle Dark Matter

Type la Candidates that exist
Type Ib Candidates in well-motivated frameworks

Type |l All other candidates



Particle Dark Matter

Type la Candidates that exist

Type Ib Candidates in well-motivated frameworks

- have been proposed to solve genuine particle
physics problems, a priori unrelated to dark matter

- have interactions and masses specified within a
well-defined particle physics model

Type Il All other candidates



Particle Dark Matter

Type la Candidates that exist
standard neutrinos
Type Ib Candidates in well-motivated frameworks

heavy neutrinos, axion, lightest supersymmetric
particle (neutralino, sneutrino, gravitino, axino)

Type Il All other candidates

maverick WIMP, WIMPZILLA, B-balls, Q-balls,
self-interacting dark matter, string-inspired
dark matter, etc.



Heavy active neutrinos (4-th generation)

PHYSICAL REVIEW
LETTERS

VOLUME 39 25 JULY 1977 NUMBER 4

Cosmological Lower Bound on Heavy-Neutrino Masses
Benjamin W, Lee®
Fermi National Accelevator Labo'ratory,(b) Batavia, Illinois 60510
and

Steven Weinberg(®
Stanfovd University, Physics Department, Stanford, California 94305
(Received 13 May 1977)

The present cosmic mass density of possible stable neutral heavy leptons is calculated
in a standard cosmological model. In order for this density not to exceed the upper lim-
it of 2x10°2° g/em?®, the lepton mass would have to be greater than a lower bound of the

order of 2 GeV.
2 GeV/c? for Q=1
Now 4 GeV/c2 for Q.=0.25




Cosmic density of heavy active neutrinos

e At early times, heavy neutrinos are produced in e*e’, u*y-, etc
collisions in the hot primordial soup [thermal production].

(—)

et +e T,y pu ete. = x + X
X f
(—) =
X f

* Neutrino production ceases when the production rate becomes
smaller than the Hubble expansion rate [freeze-out].

o After freeze-out, there is a constant number of neutrinos in a
volume expanding with the universe.



Cosmic density of heavy active neutrinos
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This is why they are called Weakly Interacting Massive Particles
(WIMPless candidates are WIMPs!)




Cosmic density of heavy active neutrinos

density equation

d—n = —3Hn — <0'U>ann (7?,2 B ngQ)

dt

(“Boltzmann equation”)

thermally averaged cross section times relative velocity

o /s —AmPK,(/5/T)
LQdS 6mA T2 (m/T) %)

<O-'U>ann —

invariant annihilation rate (annihilations per unit time and unit volume)

Wis ... (s) = 4\/(p1 - p2)2 — mim3 o12_s...(8)

Gondolo, Gelmini 1991



Cosmic density of heavy active neutrinos

Engvist, Kainulainen, Maalampi 1989

Dlrac neutrino in 4-th generation lepton doublet

L= yeZLgbeR + yVZLQEVR

= (v er) (f;) er+ (7, &r) (_qi_) Vi

= ye (700" +€19”) er +y (V090" — €107 ) i

After electroweak symmetry breaking

,Cm = Me€r,er + MyVLVR




Cosmic density of heavy active neutrinos

Engvist, Kainulainen, Maalampi 1989
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Cosmic density of heavy active neutrinos

Engvist, Kainulainen, Maalampi 1989

g4 BH m 4 N //H
o(NN - H°H?) = "o, +0,+0,+0 -
( ) 1287TS BN(mW) ( 1 2 3 4) __ﬁ___(/
\\\
N “H
(a)
o= (3mk(s+4mb) — 4md) R+ (ds —mi + 4md) L~ 4, T 3

"\

_ H 2.2 n2

02“%(’" ) | Dy “mysBy
N

0, = —(4m§1sﬁ§]+m‘1‘{) -1

2m%l-s
My ’ 2 2.2 2 2
N
1 2mi, — s + sBB dm? 2
L=- in| 27070 PP B,-=(1-—) (i=N,H),
25BnBuy 2my — s — sBnPu s

R= [m‘£1+ m%IsBIZ{] -t




Cosmic density of heavy active neutrinos

Engvist, Kainulainen, Maalampi 1989

oL=G0rL,
-1 2..,4
077 = 5| Dz| " mMyG 4z,

_ 24
Oun = 5| Dl MWGun

[412— (1§—1-2m%)R] -
M) (5 + 165 — 685 — 48),
—4m} ) (52 - 45+ 12),
§3 + 1882 — 285 — 24 — (52 + 65 + 8) ik — 6(5 — 2) )
+4(85+ 4 - (105 + &)k + (§+ 2)mk + (§—2)A%) L
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2) —4(5(5 - 4) - 35~ A )L] - me (45~ 8)L], (A15)

—§2425—-8+2(5+2)mk +4(25—4— (35— 2)mi+ (§+2)mY) L

+m2[-2(5+2) +4(2-5+2- (28 +4)m) L] P =4(5—2) + 43m% + (5 — 6}, — 4,
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Cosmic density of massive neutrinos

Fourth-generation Standard Model neutrino
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Cosmic density of massive neutrinos

Fourth-generation Standard Model neutrino

<ov)
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Cosmic density of massive neutrinos

Fourth-generation Standard Model neutrin
~ few GeV
preferred cosmological mass

Lee & Weinberg 1977




Cosmic density of massive neutrinos

Fourth-generation Standard Model neutrin

~ few TeV
preferred cosmological mass




Connection to colliders

Annihilation vy — f f Production f f — v
% f f %
>'MA,< Inverse reaction >'\/V\4<
% Z 7 f Z %

For example, a ~4 GeV/c? dark matter neutrino would be
copiously produced in resonant Z boson decays

Excluded by LEP bound Z — v




Connection to direct detection

Annihilation v — qq Scattering vqg — V¢
v v
v q
>mw< . Crossing | Z
7 Z g
q q

For example, for a ~4 GeVIc? dark matter neutrino, the scattering cross section is

o,n >~ 0.01 o) ~ 10738 cm?
C

Excluded by direct searches




Ahlen Awgnone et al

5 ESST 16

CRESST 26
CRESST 2009
EDELWEISS-II
CDMS-II
XENON100
DAMA chan.
DAMA
CoGeNT

WIMP mass [GeV]

Ipb = 10-3¢ cm2 Updated from Anglehor et al 201 |




Cosmic density of massive neutrinos

Fourth-generation Standard Model neutrin

~ few GeV
preferred cosmological mass

Excluded as dark matter (1991) Lee & Weinberg 1977

Direct
Searches




The Magnificent WIMP
(Weakly Interacting Massive Particle)

0.04175+0.00004 pJ/m? photons
® One naturally obtains 37.2+0.5 pJ/m? ordinary matter

the right cosmic / 1 to 5 pJ/m? neutrinos
' 202+5
density of WIMPs susspu/m /1

dark energy cold dark

Thermal production in
hot primordial plasma.

matter

® One can experimentally test the WIMP hypothesis

The same physical processes that produce
the right density of WIMPs make their detection possible



The magnificent WIMP

To first order, three quantities characterize a WIMP

® Mass m

- Simplest models relate mass to cosmic density: | - 10* GeV/c?

® Scattering cross section off nucleons ox X>< X
N

= Spin-dependent or spin-independent governs scaling to nuclei

® Annihilation cross section into ordinary particles X><7 i
- o=const/v at small v, so use ov %

I

- Usually different for protons and neutrons [V

= Simplest models relate cross section to cosmic density



Indirect detection

The power
of the WIMP
hypothesis

Scattering

(—) f Large scale structure

K

& 7 v Cosmic density

i
4

Colliders



Minimalist dark matter



Minimalist dark matter

do not confuse with minimal dark matter

“Higgs portal scalar dark matter”

Gauge singlet scalar field §, stabilized by Z> symmetry ($——S)

1 1
LS — 53“3(%3 — 5,&2‘5«52 —

%554 — A\ H"HS?

Silveira, Zee 1985
Andreas, Hambye, Tytgat 2008



Minimalist dark matter

do not confuse with minimal dark matter

! DAMA (no chann.)

—

~....CoGeNT

mp (GeV)
Andreas, Arina, Hambye, Ling, Tytgat 2010 He, Tandean 201 |



Minimalist dark matter

do not confuse with minimal dark matter

Constraints from diffuse Galactic gamma-rays

Very sensitive to unknown
properties of small dark subhalos

Fermi-LAT

D
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mg (GeV)

Arina, Tytgat 2010
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Minimalist dark matter

do not confuse with minimal dark matter

Constraints from the LHC:a 125 Higgs is not 99.2% invisible

III||. .
L
"

200 GeV

-
L] -
LN

Q
Q
!
Q

450GV 3

------------

: . CoGeNT 5[ |For Higgs mass < 150 GeV,
N Higgs is 99.2% invisible

. : _ ________CDMS
\‘\‘\
« XENON10
AN

—_——

XENON100

He, Tandean 201 |

mp (GeV)



Minimalist dark matter

do not confuse with minimal dark matter

Constraints from the LHC:a 125 GeV Higgs is not 99.2% invisible

Light
WIMP

region

. Vector

BR;'= 40%

Fermion

LHC limit

Djouadi, Falkowski, Mambrini, Quevillon 2012



Minimalist dark matter

arxiv:1306.4710

Update on scalar singlet dark matter

James M. Cline* and Pat Scott!
Department of Physics, McGill University, 3600 Rue University, Montréal, Québec, Canada H3A 2T8

Kimmo Kainulainen®
Department of Physics, P.O.Box 35 (YFL), FIN-40014 University of Jyvdskyld, Finland and
Helsinki Institute of Physics, P.O. Box 64, FIN-00014 University of Helsinki, Finland

Christoph Weniger®
GRAPPA Institute, University of Amsterdam, Science Park 904, 1098 GL Amsterdam, Netherlands

One of the simplest models of dark matter is that where a scalar singlet field S comprises some
or all of the dark matter, and interacts with the standard model through an |H|?>S? coupling to
the Higgs boson. We update the present limits on the model from LHC searches for invisible Higgs
decays, the thermal relic density of S, and dark matter searches via indirect and direct detection. We
point out that the currently allowed parameter space is on the verge of being significantly reduced
with the next generation of experiments. We discuss the impact of such constraints on possible
applications of scalar singlet dark matter, including a strong electroweak phase transition, and the
question of vacuum stability of the Higgs potential at high scales.

V= 1u3S% + {57 HI?. (ma)= \J1% + 3 nsvd




Minimalist dark matter

Invisible Higgs width

I'nss

QS/QDM - 001

Excluded by

50 55 60 T 05 7V T=4.07MeV  mi=125 GeV

ms (GGV)

125 GeV/2=62.5 Gev  B(lhsss) = T rVFmV < 0.19
(20)




Minimalist dark matter

Cosmic density

I'nss

QS/QDM — 001

Excluded by

Standard
Model
particles

2)‘%15’03 I'n(v/s)
Vs (5= m)2+mili(mn)

O VUrel =

oo A2
50 55 60 T 65 -0 <0vrel>:/ s\/s —4m?2 K1 (\/s/T) 0vyel ds
4m%

1572
ms (GeV) 16T m?t K5(mg/T)

125 GeV/2=62.5 GeV




Minimalist dark matter

IIIIIIIIIIII|II||I||||

Indirect detection

S+S—y+..

Excluded by I',_, g

Standard
Model
particles

d rel) AV,

do _ {ov ;> S TS / dsp’
% dE 87Tm5’ dE J A l.o.s. P
|||||||\\.‘1.|||||||||||||| ;]

50 95 60 4 695 70
ms (GeV) No gamma-rays in Fermi

Observatory from dwarf
spheroidal galaxies

S
Ot

125 GeV/2=62.5 GeV




Minimalist dark matter

Direct detection

125 GeV/2=62.5 GeV In the figure, limits from
XENON experiments




Minimalist dark matter

| | I I | | L | | I S
O"
L

Heavier Masses

_I_J_A'I | I__!,.l"] | | L

Cosmic density

2.0 2.5 3.0

125 GeV/2=62.5 GeV




Minimalist dark matter

Heavier Masses

Excluded by 'y, 55

T

Cosmic density

Invisible Higgs width

Indirect detection

2.0 2.5 3.0

125 GeV/2=62.5 GeV




Minimalist dark matter

Heavier Masses

Cosmic density

Invisible Higgs width

Indirect detection /.
N A B

Direct detection T 2.0 2.5 3.0

125 GeV/2=62.5 GeV




Particle Dark Matter

Type la Candidates that exist

Type Ib Candidates in well-motivated frameworks

- have been proposed to solve genuine particle
physics problems, a priori unrelated to dark matter

- have interactions and masses specified within a
well-defined particle physics model

Type Il All other candidates



Indirect detection
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Supersymmetric dark matter



Supersymmetry

A supersymmetric transformation Q turns a
bosonic state into a fermionic state, and viceversa.

()|Boson) = |Fermion)

()|Fermion) = |Boson)

{Qa, QL) = Puchs, {Qa, Qp} = {QL, Q}} = 0, [P, Qu] = [P, Q] =

A supersymmetric theory is invariant under supersymmetry transformations

- bosons and fermions come in pairs of equal mass
- the interactions of bosons and fermions are related



Supersymmetric Quantum Electrodynamics

shoton A* Start with non-supersymmetric QED

left-handed electron e,
right-handed electron egr

1
L= ~7 WP eyt 0,e — mee — geyteA,

' “spinor QED”




Supersymmetric Quantum Electrodynamics

photon A" photino A
left-handed electron ey, left-handed selectron €7,
right-handed electron er right-handed selectron €r



Supersymmetric Quantum Electrodynamics

photon A" photino A
left-handed electron ey, left-handed selectron €7,
right-handed electron er right-handed selectron €r

1
L= _ZFWFW + ey"0,e — mee — geyteA,
+ OMes 0,61, —mierér — iqAM €50, 6 — €10,€] + AP A ETer

~*~

+ OMe50,6p — MPERER — iqAM[€30,E6R — EROLER] + P AP A ERER
1 _ _
+ 5)\2'7’“‘8“)\ —V2q (e7\er, — épAer + h.c.)

1

— 54

2 (~x ~
54

ek o~ A2
€7 €1 — €ERER)



Supersymmetric Quantum Electrodynamics

photon A" photino A
left-handed electron ey, left-handed selectron €7,
right-handed electron er right-handed selectron €r

1
L= _ZFWFW + eiy"0,e — mee|— geyteA,

A ~ ~ ~ 2 ~k o~
e 0. — er0,€ér] +q A" A erer

~ ~ % 2 ~% ~
r — €rOuER] + " A" A eRer

 hec)



Supersymmetric Quantum Electrodynamics

photon A" photino A
left-handed electron ey, left-handed selectron €7,
right-handed electron er right-handed selectron €r

1
L=—-F, F" +en"0,e —mee — gey'eA,

4
~ ~ D~k ~ : ~ ~ ~ ~ 2 % ~
+ 0'e; 0, —m-erer| — 1qA” €106 — erouer] +q AP A eTer

~ ~ . : ~ ~ ~ ~ 2 ~% ~
+ 0"'€R0,6r — M PP — iqA' €0, ER — RO, ER| + ¢" AV A eReR

~

',' “scalar QED” L — €EX€R + h,c,)

L € e e



Supersymmetric Quantum Electrodynamics

photino A

left-handed selectron €7,
right-handed selectron €r

4

mee — gey'eA,

0 A" (670,61 — 610,€3] +q" A" A e1 e

i — M EReR — (AP [ER0,ER — ERDLER] + P AP AL Chen
1 — —
+ 5)\@“8“)\ —V2q (éz)\eL — epAeR + h-C-)
1

~*~

— 4% (e1ér — €Rrer)”



Supersymmetric Quantum Electrodynamics

photon A" photino A

B |eft-handed selectron €y,

right-; ? right-handed selectron €r
1 iy
L = —Zl 7€ eA,

f 0 ~ ~ ~ % 2 ~x ~
ja“eL — éro,.er| +q"AMA erer

~*? ] ~ ~ ~ 2 ~k ~
+ O €, ——— () ¢, — €R0,€n| + ¢" A" A €RéR




Supersymmetric Quantum Electrodynamics

photon A" photino A
left-handed electron ey, left-handed selectron €7,
right-handed electron er right-handed selectron €r

1
L= _ZFWFW + ey"0,e — mee — geyteA,
+ OMes 0,61, —mierér — iqAM €50, 6 — €10,€] + AP A ETer

~*~

+ OMe50,6p — MPERER — iqAM[€30,E6R — EROLER] + P AP A ERER
1 _ _
+ 5)\2'7’“‘8“)\ —V2q (e7\er, — épAer + h.c.)
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— 54

2 (~x ~
54

ek o~ A2
€7 €1 — €ERER)



Supersymmetric Quantum Electrodynamics

photon A" photino A
left-handed electron ey, left-handed selectron €7,
right-handed electron er right-handed selectron €r

1
L= _ZFWFW + ey"0,e — mee — geyteA,

+ OMes 0,61, —mierér — iqAM €50, 6 — €10,€] + AP A ETer
+ OMe50,6p — MPERER — iqAM[€30,E6R — EROLER] + P AP A ERER
1 _ _
+ 5)\2'7“(%)\ —V2q (e1 e, — €pAer + h.c.)
1 - .1
— §q2 (61, — &%6R)*|-miesér, — MRERER — §M)\)\

¢ “‘soft supersymmetry-breaking terms”



Supersymmetric Quantum Electrodynamics

photon A" photino A
left-handed electron ey, left-handed selectron €7,
right-handed electron er right-handed selectron €r

1
L= _ZFWFW + ey"0,e — mee — geyteA,
+ OMes 0,61, —mierér — iqAM €50, 6 — €10,€] + AP A ETer
+ O"€R0,E6R — M ERER — iqA" (€50, €R — EROLER) + T AP A ERER
1 _ _
+ 5)\2'7’“‘8“)\ —V2q (e7\er, — épAer + h.c.)
1 |

v~ e s N2 2~ 2 5 b\
— §q2 (€] e, — €RpeRr)”  —MIELEL — MRERER — §M)\)\

~ ~

Softly-broken superQED



Minimal Supersymmetric Standard Model

Names

squarks, quarks

(x3 families)

[\Y)

sleptons, leptons

(x3 families)

N—"

Higgs, higgsinos

NO— N[~ N |~

Names

gluino, gluon

winos, W bosons

bino, B boson

From Martin hep-ph/9709356




Minimal Supersymmetric Standard Model

* Gauge interactions (covariant derivatives + D-terms)

* Superpotential (Yukawa terms + F-terms)
W = e;(—ep Ypll H — dy Y pal HY + a3 Yyd) H) — pHLH))

oW |
i

1w
200,00,

EYuk —

@z’ %‘ EF—terms — ‘

e Soft terms
Viott = €55(—R ApY gl Hl — dyApYpd, H + a3 Ay Yydl H) — BuH,Hj + h.c.)
+ Hi'm{H] + Hym3H) + M), + 1'M7 1 + a M7 g + dy M7 dg
+ & M%ég + LM BB + SMy(WAW? + 2WHW ™) + LM33d.

124 parameters (cfr. 18 in SM) From Martin hep-ph/9709356




Minimal Supersymmetric Standard Model

Neutralinos are linear combinations of neutral gauginos and higgsinos

X; = Nzlé + NZ‘QVNV?) -+ N@Sﬁg + Ni4]~{ga
gy

(M, 0
: V2 V2
guy gua

! 2T

/
gu
— = 033 —H

V2
g'vs
\+\/§ — 044 )

Charginos are linear combinations of charged gauginos and higgsinos

gur K

N-_:UZ' W_ Uz jv{_,
Xi W+ U, /\/l;(i:(Mz 9%)7

Xi = VaW™ + ‘/fzzﬁ;-




Minimal Supersymmetric Standard Model

Squarks and sleptons are linear combinations of interaction eigenstates

6
fLa — Z fkr}kga
k=1

6
frRa = kar}kﬁ-
k=1

M2 = (M% +mim, + D1 mi(A] — p* cot §) )
! (Ay — pcot f)m, M7 +mym! + Dp1 /)’

_ <KTM22K +mgm! + D1 ml(AL — p*tan B) )
(Ap — ptan f)my M? +mimg + Dd.1
Mz =M37 + DY, 1

M2 — M? + mem! + D¢, 1 mi(Al — p*tan 3) |
‘ (Ap —ptan f)m,  ME +mim + Digl

M=

2
d

Dl =m% cos2B(Tss — egsin® Oy ),

Dl =m% cos(26)es sin® Oy




Intersections of supersymmetric models




Supersymmetric dark matter

Neutralinos (the most fashionable/studied WIMP)
Goldberg 1983; Ellis, Hagelin, Nanopoulos, Olive, Srednicki 1984; etc.

Sneutrinos (also VWIMPs)

Falk, Olive, Srednicki | 994;Asaka, Ishiwata, Moroi 2006; McDonald 2007;
Lee, Matchev, Nasri 2007; Deppisch, Pilaftsis 2008; Cerdeno, Munoz, Seto
2009; Cerdeno, Seto 2009; etc.

Gravitinos (SuperWIMPs)

Feng, Rajaraman, Takayama 2003; Ellis, Olive, Santoso, Spanos 2004; Feng,
Su, Takayama, 2004; etc.

Axinos (SuperWIMPs)

Tamvakis, Wyler 1982; Nilles, Raby |982; Goto,Yamaguchi |992; Covi, Kim,
Kim, Roszkowski 200 I ; Covi, Roszkowski, Ruiz de Austri, Small 2004; etc.



Supersymmetric superWIMPs

Interaction scale with ordinary matter suppressed by large mass scale

Axino dark matter (fpo~1011GeV)

thermally and non-thermally produced in early universe

mg = 0.1 MeV

Y

scattering cross section with ordinary matter
18 ~ —56 2
g~ (mW/fPQ) Oweak ~ 107 "0 weax ~ 10 CIn

Gravitino dark matter (mp~10°GeV)

thermally and non-thermally produced in early universe

mz/o ~ 1 GeV-700 GeV
scattering cross section with ordinary matter

o~ 107" cm?



Neutralino dark matter

Diagrams
Process S t

XS)X? — B}, B} H?.z,sa A X(;i

m n

o mem ez Cosmic density

m n
X?X? — ff H10.2,37 zZ Ji,2
X1+X(7) — B;;Bg o+t wt X%

Xi X§ = fufa H* W+

/
di2

Xi X; — B, B, H?.z,sa Z XZ:_

m n

o Bim Heeze @ Thousands of annihilation (and

m n

XX fofa HseZo i el L

N coannihilation) processes
Xi X; — BhBy X it

fixd — B°f ' fi2

f(LXS) - B_fll fulg

fuiX? - B+fd ‘ fd1,2

fd;XﬂF - B(]fu ‘ fd1,2 X . .

ot B4 fn Use publicly-available

.]E(L, X;r - B+fd

B P computer codes, e.g.
P, e DarkSUSY, micrOMEGAs
fd;f(}kj — BB, fdl,z

faifs, — BuBf Furs

fafi = 1iRy X33

fai & — R Xi

faifa, — fafi X7 g

Fudi, — BB o

fu B = FUFY X2 9

Y 1"em 0 ~
fuq, d; - fu d Xk‘7g




Neutralino dark matter: minimal supergravity

Range of
2, h? for
millions of
points in
minimal
supergravity
(mSUGRA)

Ted Baltz 2005




The density of points in parameter space

® Density of points depends on priors in parameters

® Priors describe our beliefs in the value of the model
parameters

® What is a sensible prior for My, say?

= Flat in M3? Flat in log(M3)? Exponential in arctan(M3)?

® Example: a scan in
parameter space using
an anthropic prior

10-410-310-210"! 1 10! 107
Qxh2




Neutralino dark matter: minimal supergravity

[WMAP added by P.G., 2003]
J. Edsjé, M. Schelke, P. Ullio and P. Gondolo, 2003

tan $=30,A,=0GeV,u<0
With coannihilations - N arrow

regions of
Excluded o QX 02 il
| the WMAP
range in
minimal
supergravity
(mSUGRA)

[—)
I
[\®)

\=80GeV

,./""
I/
/>
("
O
[ o
[
[
|

|

n

150 200 250 300 350 400 450 500 550 600

wlNLl Edsjo et al 2003




Neutralino dark matter: minimal supergravity

Only in special regions the density is not too large.

mMSUGRA, A,=0, tanp=55, u>0

Coannihilation region

1400

1200

—~

>
51000

Z1 not LSP

=

’
-
-----

Focus point region

no REWSB

1000 2000 3000 4000 5000
B U I k m, (GeV)

S Y S S N S N S —
\

o

d(p)=3e”’ GeV'ecm?s” sr’ (S/B),,=0.01
— D(1)=10""cm? s ®*"(W)=40 km? yr'  m =114.4 GeV Baer et GI,

0< Qh%< 0.129



Neutralino dark matter: impact of LHC

Cahill-Rowell et al 1305.6921 pMSSM (phenomenological MSSM)

“the only pMSSM models p,ma,tan B, Ay, A¢, A7, My, M2, M3,
remaining [with neutralino MQy, MQs> My s My Mayg s My
being 1007% of CDM] are those [y e7y M7 o

with bino coannihilation” (19 parameters)

® Bino e Wino @ Higgsino
Bino-Higgsino ® Bino-Wino Wino-Higgsino
Mixed

only a few red points have 100% CDM]

o
L

“lceCube”

Log,ol¢y (events/yr)]

.' T4 —12 .'—'.10". g
Log,slosip#R (pb)]

“Direct Detection”




Neutralino dark matter: impact of LHC

Kowalska et al 1211.1693 [PRD 87(2013)115010]

NMSSM (Next-to-MSSM)
W = ASH,H, + §S3 + (MSSM Yukawa terms),

CNMSSM: Alive and well!

Veore = my; |H,|* + my; |Hyl* + mg|S|?

BayesFITS (2012)

1
% Best fit

—— XENON100 (2012) CNMSSM, Mot >0
/rnh1 ~ 126 GeV

Posterior pdf, log priors

XENONLT (projected)

1
- ()\A WSH,H, + = KA,S® + Hc)

Constrained NMSSM

m, My /o, Ay, tan B, A, sgn(tegr),
GUT & radiative EWSB

LHC (5/fb)

inner: 1o region

outer: 2z reglon Marginalized 2D posterior PDF
SCUNN of global analysis including LHC,
WMAP, (g-2),, Bs—u 1~ etc.




AXxions



Indirect detection
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Axions as solution to the strong CP problem

The strong CP problem

In QCD, the neutron electric dipole moment d, should be ~10-'¢ ecm,
but experimentally d,, < 1.1 x 10720 ecm

The Peccei-Quinn solution

Introduce a new U(l)pq symmetry and a new field to break it
spontaneously. The remaining pseudoscalar Goldstone boson is
the axion. It acquires mass through QCD instanton effects.



Axions as solution to the strong CP problem
The strong CP problem

Vacuum potentials A, = Q9,0 with Q — e*™™ a5 1 — 00
Vacuum state |0) = > =% 0)

~

2
. . . g | V4
New term in lagrangian Ly = 0 55— F}" Fouu

Ly violates P and T but conserves C, thus produces
a neutron electric dipole moment d,, ~ e(m,/M?)6

Experimentally d,, < 1.1 x 107%® ecm so 6 < 1079-10~19

Why 6 should be so small is the strong CP problem



Axions as solution to the strong CP problem

The Peccei-Quinn solution

axion

Introducing a U(l)rq symmetry replaces

Ototal = 0 + argdet Myuark = 6(x) = a(x)/fa

static CP-violating angle dynamic CP-conserving field

New lagrangian £, = —%(‘Waﬁua + f% 33; FHv ~auv + Lint(a)
Before QCD phase transition, (#) can be anything

After QCD phase transition, instanton effects generate
V(0) = m? f2(1 — cos0) Mo

and (6) = 0 dynamically \/\/\V\/\/

0

Wilczek realized this leads to a very light pseudoscalar particle he
called the “axion” after the name of a famous laundry detergent



Axions

|

¥y,

'1. . -

“Whenever you come up with a good idea,

somebody tries to copy it.”
(Axion Commercial with Arthur Godfrey, 1968)



Axions as solution to the strong CP problem

Constraints from laboratory
searches and astrophysics

=
D

<

Cold DM

)
<

Burst duration

Peccei & Quinn had 2 Higgs doublets
and f, ~ 200 GeV (electroweak), with
an axion-quark coupling too high and
quickly excluded by laboratory
searches

n
L c
O
=
1O
o
| 2
o
£
o
o
O
=
R
=
O
OR
[ =
£
3
L n
[ S
@
| o
0
FO |
o

@ bular cluster stars (photons)

@ oratory

Bzess radiation
SN 1987A| Too many events

3
>

Raffelt, Rosenberg 2012



Axions as solution to the strong CP problem

Beyond Peccei-Quinn: the invisible axion

Kim (1979)
Shifman,Vainshtein, Zakharov (1980)

| Higgs doublets, | Higgs singlet,
| exotic quark (SU(2)w-singlet SU(3)ctriplet)

£'y=féLO'QR +f *QRG*QL

Judicious choice of U(I)pq charges

V(@,0)=— n2 90" 0= u,20%0 + 1 (")

+A5(0%0)* + 1,0 @O0,

Axion not coupled to quarks at tree level

Zhitnistki (1980)
Dine, Fischler, Srednicki (1981)

2 Higgs doublets, | Higgs singlet

-QY = Gu(ﬁa)quuuR + Gd(ﬁa)L ¢ddR + h.C.

Judicious choice of U(l)rq charges

V (8, $us 00) = Na(184 12 = V2 +2gq(16g 2 — V2)?

+A(1612 = V2)2 +(algy 12 +blog 1 DIe2  (5)

to(phe 00 +he) +dlole,; o] 2 +elgiog|? .

Axion-quark couplings suppressed
by 200 GeV /(¢) < 1



Axions as solution to the strong CP problem

Beyond Peccei-Quinn: the invisible axion

Model-dependent axion-photon coupling

C 2 MyuMg + 4magms + msmy + dmgms + memy,

= =1.93 £ 0.04

3 mymg + mgms + Mgy,

Model-dependent axion-fermion coupling

Cy - cos?

See e.g. Srednicki hep-th/02 10172, Review of Particle Properties




Axions as dark matter

Hot

Produced thermally in early universe
Important for ma>0.1eV (f2<10°), mostly excluded by astrophysics

Cold

Produced by coherent field oscillations around mimimum of V(6)

(Vacuum realignment)

Produced by decay of topological defects icated and
o comp nl
(Axionic string decays) gl a Ve : calc u\at\o 20 12

al



Axion cold dark matter parameter space

Ja Peccei-Quinn symmetry breaking scale
N Peccei-Quinn color anomaly
Na Number of degenerate QCD vacua

Kim-Shifman-Vainshtein-Zakharov
Dine-Fischler-Srednicki-Zhitnistki

Hi Expansion rate at end of inflation

Couplings to quarks, leptons, and photons

6; Initial misalignment angle

Harari-Hagmann-Chang-Sikivie

Davis-Battye-Shellard Axionic string parameters

Assume N = Ny = 1 and show results for KSVZ and HHCS string network

Thus 3 free parameters f., 0;, Hi and one constraint Q,=CQcpm



Cold axion production in cosmology

Vacuum realignment

® |nitial misalignment angle 0

® Coherent axion oscillations start at temperature 71

3H(T)=m(11)

/ < 

Hubble expansion parameter

non-standard expansion histories
differ in the function H(T)

T-dependent axion mass

axions acquire mass through
instanton effects at T < A = Aqcp

® Density at 7 is n,(7T1) = lma(Tl)f3X<9?f(@>

2

Anharmonicity correction f(0)

axion field equation has anharmonic terms

0+ 3H(T)0 +m?(T)sinf = 0

® Conservation of comoving axion number gives present density (2,




Cold axion production in cosmology

® Energy density ratio (string decay/misalignment)

AXxionic string decays

(String stretching rate)

Slow-oscillating strings (Davis-Battye-Shellard)
Fast-oscillating strings (Harari-Hagmann-Chang-Sikivie)

! (2—35+\/4c+05 —125+4)2

$= Ac2

c = (14 24/&54)

*6-7“]\72

mis
Pa

Density enhancement
from string decays

“

Uncertainty in axion spectrum

4£std

F=+-20.8

with a(f)oct?



Standard cosmology




Axion CDM - Standard cosmology
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A7 fluctuations
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Axion CDM - Standard cosmology
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A7 fluctuations
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Visinelli, Gondolo 2009




Axion CDM - Standard cosmology

PQ symmetry breaks
after inflation ends

* Average 0; over Hubble volume

PLANCK

* Anharmonicities are important | AXion isocurvature
fluctuations

Turner 1986
Lyth 1992

(07 (6:)) = (2.96)
* String decay contribution is " ”
~16% of vacuum realignment 10 10

fs cooling ti”

|GeW, Visinelli, Gondolo 2009




Axion CDM - Standard cosmology

0,=0.0001

9,=0.001

PQ symmetry breaks
before inflation ends
» Constrained by non-adiabatic

fluctuations g
L 49%x107°

Oifa  WMAP7 96%CL

* Single value of ; throughout
Hubble volume

(07 £(6:)) = [/912 + ( ol )2] f(6:)

27 fa
m, [eV]

103 107* 105 10 107 10°% 10°°

OO I 1 1 1 1 L
10° 10 10! 10?2 10" 10" 10 10'°
fa [GeV]




Axion CDM - Standard cosmology
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Sterile neutrinos



Active-sterile neutrino mixing

Standard model + right-handed neutrinos

—L, =y, vV vp + %M@VR + h.c. = %[ﬁ ﬁ}

Neutrino mass eigenstates are obtained by diagonalization

1 77 1 -
_Em — §maVaVa T §msVsVs

{ua = cosfvr —sinfvg
Vs = sinb vy, + cos O vy

\ mixing angle 0

+h.c.



Active-sterile neutrino mixing

Yy v YoV
If y,v < M,then mgs >~ M, m, ~ N <L M, 92M<<1

seesaw mechanism

va are =LH, light, with tree-level couplings (active neutrinos)
vs are =RH, heavy, with no tree-level coupling (sterile neutrinos)

Neutrinos produced in weak interactions are left-handed, while mass
eigenstates contain a (tiny) right-handed component

Oscillations between active and sterile neutrinos



Neutrino mixing

Limits on sterile neutrino
mixing with ve, vy, Vx

0vRp SN1987A
LSS p—decay
X-ray Accelerator
BBN Atmospheric
CMB Reac.+Beam

Kusenko 0906.2968 Loman

Il \HHH‘ Il \HHH‘ Il \HHH‘ Il \HHH‘ Il \HHH‘ Il \HHH‘ Il \HHH‘ Il \HHH‘ Il \HHH‘ Il \HHH‘ Il \HHH‘ Il \HHH‘ Il \HHH‘ [T
0 10 ™0 ™00 ™0™ w0’ 00w 0w w0 107

.2
sin 6,

LSS SN1987A 10 LSS I SN1987A
X-ray Accelerator X-ray [ Accelerator

BBN Decays » BBN [ Lyman-o
CMB Atmospheric 10 CMB

Lyman-o. Beam

L H\HH‘ L H\HH‘ L HHH\‘ L \HHH‘ L H\HH‘ L \HHH‘ L H\HH‘ L \HHH‘ L H\HH‘ L \HHH‘ L H\HH‘ L HH\H‘ L H\HH‘ L -6 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
-15 -14 -13 -12 -11 -10 -9 -8 — 10 L L 1oL Lorrnn I 1L 1L I IR [T L IR 1oL LoLr I
0 10 10 10 10 10 10 1 10 -15 10 -14 10 -13 10 -12 10 -11 10 -10 10 -9 10—8 10 -7 10 -6 10 -5 10—4 10 -3 10 -2

. 2
sin"0,_

sin?p




Neutrino mixing

ovpp SN1987A
LSS f—decay
X-ray Accelerator

BBN Atmospheric
CMB Reac.+Beam

Lyman-a

| |||||||| | |||||||| | |||||||| | |||||||| | |||||||| | |||||||| | |||||||| | ||||||_|J | |||||||| | ||||||_|J | |||||||| | |||||||| | |||||||| L
o™ 10 ™0™M0™ 107 0107 0107 0107 107 107

. 2
sin 0,




Sterile neutrino dark matter

* Mass > 0.3 keV (Tremaine-Gunn bound)

e Sterile neutrinos are produced from oscillations of active neutrinos in
the early universe (T~100 MeV) Dodelson, Widrow 994

* |n the presence of a large lepton
asymmetry, oscillation production is
enhanced Shi, Fuller 1999

eq. (7) of ref. [13]

(@

.
>
Q
-
-
=
X
D
Q\

* |n a model with three generations
of sterile neutrinos (vMSM), decay
of the two heavy neutrinos can
generate a lepton asymmetry then
converted to baryon asymmetry, — case 1 -2 (mean)
and the light sterile neutrino can be -+ absolute upper bound
the dark matter — — absolute lower bound
Laine, Shaposhnikov 2008

sin

Asaka, Laine, Shaposhnikov 2007



Limits on sterile neutrino dark matter

The main decay mode of keV sterile neutrinos (vs—3v) is undetectable

Radiative decay of sterile neutrinos v — Y1,

V{;ﬂ l - Vimi

Figure from Kusenko 0906.2968

X-ray line 9

FI/ —YVq
1 e 25674
Efy — §m8 1

T 1.8 x 1021g

QEM G% sin? @ mg

sin® 6 (




Limits on sterile neutrino dark matter

Sterile neutrinos are warm dark matter

Small scale
structure is
erased

Abazajian 2005



Limits on sterile neutrino dark matter

vMSM

Laine, Shaposhnikov 2008



X-rays from dark matter? Bulbul et al 2014

\ T ]
3.57 +0.02 (0.03) XMM-MOS —

Full Sample -

An unidentified 3.5 keV X-ray

line has been reported in galaxy .
clusters and in the Andromeda g’ HM MM'
galaxy ;

G —stacked cIusters

Energy [keV]

Boyarsky et al 2014

lakubovskyi et al 2015



X-rays from dark matter?

Radiative decay of
sterile neutrinos v; — Y,

: 1
X-ray line E, = 57Ms

my = 7.1 keV
sin?(20) = 7x10-'!

Laine, Shaposhnikov 2008



Particle dark matter
flowchart
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