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Preamble: general properties of the DM particle

The DM particle must:

- be dark (neutral)

e

- be stable

e N

- account for of the energy the Universe: Qpy =~ 26%

- be ‘cold’

- have a small cross section on nucleons: DM direct detection

- not produce too large fluxes of cosmic rays: DM indirect detection

- be able to escape detection at colliders so far

- ve not too ||—interactions f*




Outline
|) DM neutrality and stability

2) DM relic density
- generalities on early Universe hot plasma
- thermal hot relic
- thermal cold relic: non-relativistic freeze out
- freeze-In
- asymmetric DM
3) DM direct detection

4) DM indirect detection
5) Phenomenology of a few illustrative models

6) DM self-interactions (if time allows)



Part |
DM neutrality and stability




Dark Matter must be dark

A non electrically neutral DM particle would « shine » unless:

- It forms neutral bound states, but basically excluded (ionized population,
annihilation into 2 photons, ...)

- Its electric charge Is tiny: strong constraints but not excluded:
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Dark Matter stability

- DM is around today Tpam > Tuniverse = 10'° sec

- Given 1ts relic density today one needs in general
much larger lifetimes not to produce fluxes of cosmic rays
we should have seen already: Toar > Tuniverse = 10%°7 2% sec

unless very light or invisible decay
see Indirect detection part below

“To have a particle with ot least those Lifetimes is the most

. _constraining property for the general structure of the DM model!




Stability of DM particle: general considerations on decay

it DM decays the coupling causing the decay must be tiny

L—>for example a 2-body decay: I'(DM — A+ B) ~ 8% g mpu
X

tree level coupling

o = 1/T(DM — A+ B) > Tuniverse < ¢ < 10720 1/1GeV/mpuy

g

g <1070 /10~ eV/mpy

g

g S 1- \/10_31 eV/mDM

—> 1o have a long enough lifetime:
- the coupling could be very tiny just so .....but weird

- or DM mass very tiny but still a tree level coupling of order unity is excluded

because mpar > 1072? eV is anyway needed to have DM galactic halo:
..e. to have a wavelength smaller than galaxy size

—

//5 clearly this suggests a symmelry: s
~to forbid the decaj absolute DM sEabLLLEj g=20 ’
~—— -or ak Leas?: Eo provide ain explanation for a so tiny coupling

B e S




Stable SM particles: there is always a deep symmetry reason

- 7Y stable because massless (due to unbroken U(1).,, gauge symmetry)
- lightest I/ :lightest fermion of the SM: stable due to Lorentz invariance

- € :stable because lightest particle charged under conserved electric charge

due to unbroken U(1)e,, gauge symmetry
- p:stable due to an accidental symmetry: U(1)g: baryon number conservation

L—\> stems from gauge sym. of
the SM and charges of
Y particles under them

SU(3). gauge Iinvariance

£quark3 xXq...q

v

each time a quark is annihilated another one is created
U(1) B symmetry:q — e'?q

L—\> accidental symmetry: U(1)p not subgroup of SU(3).

—> for DM particle stability one could invoke similar mechanisms or other ones....



Do we need a new symmetry beyond SM for DM stability?

L—> there are no DM candidates in SM (neutrinos are excluded as we will see) but
does it means that we need a new symmetry beyond SM for DM stability?

Q—> there exists at least one possibility: through an
accidental symmetry and a large electroweak multiplet



DM stability without new symmetry: accidental symmetry

the proton decay example

A particle which has no dim-4 interactions because its gauge quantum
numbers do no match to have such an interaction => accidental symmetry

L—> example in SM: proton: stable due to accidental U(1)p (see above)

however suppose there exists new physics beyond the SM: this
physics has no reason to respect this symmetry: induce higher
dimensional operator which leads to proton decay

L—> example: grand unification: has gauge boson coupling to a quark and a lepton

u

gv 'V 9v
1/M?

ot
9y 1
> Lefr D M2 uudl—P uudl
ks b
U + 0 my
C(p"™ -7 +e )oc—]w4

U

if My > 10'° GeV one gets 7, > 10°* years



DM stability without new symmetry: accidental symmetry
the minimal DM example

example:

a fermion DM particle Yy with given quant. number under SU(3). x SU(2)r x U(1):

- a fermion singlet: not expected to be stable automatically:

L3Y LypyH «— not forbidden by anything

Yoy — 1T HT, vH? decays expected!

U

no accidental sym. forbidding this decay
thu)

Ypm

L3YIgvypuH «— not forbidden by anything

U

Vhar — 1 H decay expected

- a fermion doublet containing a neutral particle: ¥py = (

no accidental sym. forbidding this decay



DM stability without new symmetry: accidental symmetry
the minimal DM example

- a fermion triplet containing a neutral particle:

G W
Ypm = %_;M Your = | Ypu
Ypm Vo
i v
L3Y LypyH L3Y LypyH'
not forbidden by anything not forbidden by anything

Yoy — 1T HT,vH decay expected!  ¢¥py — Vﬁodecay expected!

no accidental sym. forbidding this decay no accidental sym. forbidding this decay



DM stability without new symmetry: accidental symmetry
the minimal DM example

Vb
j . . _ | ¥bm
- a fermion quadruplet containing a neutral particle: Yoy = T
DM
L 3Y Lyppy H not possible Ypm

no dimension-4 interaction possible

v

no decay to a lepton and a scalar

v

has an accidental symmetry forbidding the decay: U(1) : ¥py — e s

LH : can only form a singlet or a triplet

However: the exchange of a UV particle could induce a dim-5 operator:

1 U2mDM

1
L3> LypyHH =TWYy — L+ H)~ T

A

mpyp = 100 GeV

:> TDM > Tuniverse OIlly if A > 1021 GeV > MPlanck
o > (10%°sec) only if A > 10%° GeV > Mpianck




DM stability without new symmetry: accidental symmetry
the minimal DM example
Vbl
Yhu
- a fermion quintuplet containing a neutral particle: Yo = | YD
¢ K¢DM

Youm

no possible dimension-4 and dimension-5 interactions
¢ Cirelli, Fornengo, Strumia

the exchange of a UV particle could induce only a dim-6 operator:

L5 T HHHT =T L) L Uimou
A2 DM (Ypy — L+ H) ~

4
87T A mpyp = 100 GeV

> TDM > Tuniverse only ifA>3- 1013 GeV < Mplanck
TDM > (1()26 sec) only if A > 3 - 10Y° GeV < mpianck

~as long as there is no new physics inducing this o

but this requires an object as large as a quintuplet



DM stability without new symmetry?

/ 0 have o stable particle on top of SM without any extra
symmetry is not automatical at all even if not impossible!!

N\ DM strongly sugqgests the existence new symmelry in Nature;




Stability of DM due to a new symmetry beyond the SM

Various possibilities:

-DM stability due to new unbroken gauge symmetry
-DM stability due to new broken gauge symmetry

-DM stability due to accidental symmetry resulting from
new gauge symmetry

-DM stability due to new discrete or global symmetry



DM stability from new gauge symmetry

Q—> simplest example: lightest charged particle undera new U(1): " U(1) x "

® a fermion: a e’ which has no charge under SM

Ot

with SM particles chargeless under U (1) x
Pospelov 07,....

“secluded DM”

o=

- Hidden sector

U(1)x

" Standard Model
( SUB). x SU©2)L x U1y
A \ s Vs W7 Z,, H_~

S N =

portal
kinetic mixing
L35 —SFY piw
4 Y X
(see later)

“hidden electron” T
gauge boson of U(1)x

“hidden photon”

If the U(1)x is unbroken:the ¢’ DM candidate is stable just as the electron:
lightest particle charged under a conserved charge
f the U(1)x is spontaneously broken: still the e’ DM candidate is stable because of
remnant Zs € U(1) x, because still €’ in pairs in

L



DM stability from new gauge symmetry

Q—> simplest example: lightest charged particle undera new U(1): " U(1) x "

® a scalar:a ¢ pa which has no charge under SM

A R

with SM particles chargeless under U (1) x
“secluded DM”

o=

- Hidden sector

U(1)x
Ppu; g ﬁ

~ Standard ModeI‘\

\ SU(S)C X SU(Q)L X U(l)y |
\ s Vs W7 Zaa H_~

S N =

.portal “hidden scalar"T
Higgs portal gauge boson of U(1)x
L3 —AndbyéonH H "hidden photon”
(see later)

If the U(1)x is unbroken: the  paps DM candidate is stable just as the electron:
lightest particle charged under a conserved charge

If the U(1) x is spontaneously broken:the ®pap could decay if gets a vev for instance
or stay stable if no vev but not automatic...



DM stability from accidental symmetry resulting from new gauge symmetry

Q—> well known example: conservation of mirror baryon
number in a mirror hidden sector

Q—,> other example: hidden vector DM: it is possible to have gauge boson
to be the DM, even a non-abelian one

© Hidden sector
SU(2) x

~ Standard Model

~NLY 4. W Z, g, H-

07 portal e T

- a double
TH,Tytgat 09 Higgs PC;I”’EEH T of SU(2)x f’;fg?g?;))osons
TH, Strumia 12 LY\, 0'0H"H X

—> after SU(2) x sym. breaking:= 3 massive SU(2)x gauge bosons: stable: DM candidates

0 one real scalar boson |
() = ( ) '

7 a remnant SU(2)¢ accidental custodial symmetry

Q—> DM = hidden forces!

V2
—> accidental symmetry: interesting phenomenology from naturally slow decay



DM stability from discrete symmetry: real scalar singlet

® a real scalar singlet S odd under 7, parity: S — —S <« "ad-hoc” symmetry

~"Standard Model
SU(B)C X SU(Q)L X U(].)Y
™~ '—\_ q, 7, W7 Za gaH

e

Higgs portal T
1 a real scalar singlet odd under Z»
McDonald,... L3 —iAmS2HTH

—> S'is stable:the Z> symmetry makes sure that all terms involve an even number of S:

1 1
Lo ——p282 — —

1
AgS* — X\, S?HTH
2 2185~ AmS

—> extremely simple: only 2 relevant parameters: mg, Am

1
m% = ,U2S + 5)\m’v2

—> more generally from a discrete Z, sym. one can stabilize any scalar or
fermion SM multiplet (or abelian gauge boson)



DM stability from discrete symmetry: fermion triplet

e a fermion triplet under SU(2)z, odd under Z, parity: Yoy — —%pum
T o
77bDM — 77b0DM
Youm
Q—> this is a visible sector DM model: ¥pas has gauge SM interactions
(no hidden sector) T

only interactions it can have in fact



DM stability from discrete symmetry: Susy neutralino

® Susy:has many new neutral particles beyond the SM: neutral superpartners;

BY < B : “Bino”

W« W “Wino”

H, + H, : “Higgsino”

H; <« Hy : “Higgsino”

vy, < Ui : “sneutrinos”
G + G : “gravitino”

Q—> if one assume a 7z, symmetry so that SM particles are even under it and super
partners are odd under it,"R-parity”, the lightest superpartner (LSP) is stable

the 4 neutralinos (2 gauginos and 2 Higgsinos) mix: the lightest mass eigen-
state, X , is stable if LSP

R-parity Is motivated by proton decay but still totally ad-hoc in MSSM

L=> but turns out to be subgroup of U(1)g—1, => could derive from gauge symmetry remnant subgroup
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Epilogue on DM stability

® DM stability is the most constraining property for the general
structure of the DM model!

® DM sEabiLiEj strongly sugqgests the existence of a new symmekry n Nature!

even if not absolutely mandatory

perhaps it is the result of new forces in Nature (gauge symmetries)
perhaps not if discrete or global symmetry, which is boring

unless directly related to solution of other problem (as axion)

whose stability is due to a mixture of several reasons: due
to global symmetry and the fact that it is very Light and that

ik%s decav occurs at Loop level and suppressed bj high scale
will not be discussed here

® Depending on stabilization mechanism several possibilities:

Fermion DM candidabte <-> Boson DM candidate: scalar, vector

Visible DM candidate <>
Minimal model of DM <—>

Hidden sector DM candidate

DM out of more global model
=> different phenomenologies:



A wide variety of DM models!

llustrative examples:

® A real scalar singlet odd under a Z, :the simplest DM model

® A fermion triplet odd undera Zs ("Wino model " if Majorana)

® A fermion quintuplet stable in an accidental way only on the basis of SM symmetries

® A hidden fermion or scalar charged under a new U(1)x gauge symmetry

® Hidden gauge bosons of a new SU(2)x gauge symmetry accidentally stable

® [he MSSM neutrino stable due to R-parity




Part 2
DM relic density




DM relic density: Qpy = 26%
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DM relic density: Qpy = 26%

can be obtained for mpas all the way from ~ 107**eV to ~ 10°! kg

7 )

to have wavelength black hole with
smaller than galactic size ~ solar mass
neutrino masses weak scale Planck scale
10~22 eV l keV GeV¢ 103 TeV l
¢ eV MeV  TeV 107 kg
Lk bodadonhodsdaded sl ondodsdonbendad snladardonbomdmd bl ombodmbondeednedmrlasdedomiednedonbodnedwedordmebmbodraberbdadoniodals of o o o o obelamebwbodnsdond
very light DM: axion, ... non thermal T
thermal DM
(coherent scalar field) very heavy DM solar mass blackhole

in the following we will consider the thermal DM scenarios

L—> keV 5 mMpm SJ 100 TeV

symmetric DM thermal freezout: no

P 4
Q—>2 general classes of models: DM matter-antimatter asymmetry
> asymmetric DM




Generalities on early Universe hot thermal bath

we consider the « radiation domination » epoch when all SM particles were forming
a hot thermal soup: plasma

T 2> 1eV

o
2

>
]
&

.

™\
s !
\

W/

)

"

O
(¢}
v
2
n
3
=
-
O
3
oo
<
(]
Y
a
o
£

l
8 S @F\\i?

- &
-

a’ql:,A vo
E i/

. ; 3‘%

@

/o

g*ﬂ

< Partcle Data Group, LBNL, @ 2000, Supported by DOE and NSF



Generadlities on early Universe hot thermal bath

—> hot plasma:

Example withe and 7

2 relevant processes
ety et +ny
et +e 4y

ifmany e~ +~ — e~ + y processes:

—> € and 7 equilibrate their kinetic energy

e and 7 are in “kinetic equilibrium”

probability that € has a given energy is

given by a Fermi-Dirac distribution

characterized by a temperature T°

~averaged € kinetic energy

and similarly for”Y given by a
Bose—Einstein distribution rcharacterized

by same temperature:T,- =T+ =T, =T

~averaged 7 kinetic energy



Generalities on early Universe hot thermal bath

=> hot plasma: Example with e and 7'

2 relevant processes
+ +
e+ —e +7y
et +e & Y+ Y

if many et e v+ processes:

- eT and Y equilibrate their numbers

e® and Yare in “chemical equilibrium”

In this case not only the energy distribution
Is known but also its normalization: how
many particles have a given energy

PPt .+
Pet = Je+ / WfFD Bt

+

assuming here no e™-e~asymmetry: Mo+ = Ne— Gy = Ge= = Ge+ =2

! d’p ¢(3) 3 d3p 2
ing:eEv/T—l i nﬁ’:gﬁ’/vagE:?g’vT IO'y:gv/T7 ;E-E7:197T4




Relativistic and non relativistic thermal equilibrium regimes

3¢(3)
3 L —
s P 1 ?geiT (T >>m,.) relativistic e
Det et
Ne+ :gei/—g,fFD — m, T\ 3/2 _
(27) \gei ( 26 ) e~ me/T (T << m.) non-relativistic €
r
’ - " const
NO INTEeractions: NMe— = Co Co
© 1% relativistic | non-relativistic
. < | >
to see the variation of n— due to o = 1
[ ' 1] . 01 e 1
interactions we look at “comoving , : \ ;
.. N\ ]
number density": ; \, !
Ne— - vV or Ye_ — Ne— /3 - ' l.‘\ '
L o Wiy \ 1
entropy density Is conserved: ” % e \ .
272 s \: ""’rr "o 1
324—59*T3o<1/v L E e \ 1
1" > me : = 1
comoving number gy \ 1
. . 1= \
density Is constant! g .t | !
3"r | 1
o a |
. ol | \ 1
T < Me : | . Nn; |‘ .
comoving number density ey ; 1
s exponentially suppressed: T R »

_ _ T s
Boltzmann suppression o< € me/ '



Boltzmann suppression in non-relativistic regime

Q—> when a e~ encounters a e, they can always go to 2 7
when a”) encounters another 7V, they can go to e™e™ only if they have

i enough energy
at T < m, only a small proportion of photons have enough energy:

E3 * [he(Ey) o5
05
05

02 tail of thermal distribution oc e=™/T

2

2 4 E _ 6 8 10 ’Y/T
( vy = Me
for a fixed temperature thermal equilibrium means same number of interact.
in both directions in order that number densities do not change (i.e.to

give the equilibrium distribution fixed by temperature only)

—> for T < m, : this means basically: nf_q ~ nfq(Ey > me) o e~ e/ T

—> as T decreases with expansion n_Y more and more exponentially suppressed



More generadlities on early Universe thermodynamics: radiation energy density
® [or a relativistic fermion particle:

d3 f 7T27
szgf/(2 ) fFD fzﬁgng?

For a relativistic boson particle:

L /d3pbf B _2 T4
Pb = gb (2 ) BE " Lb = 309b b

For a plasma with several species with same temperature < if kinetic equilibrium
2 4 7
pgcfj % gL 9x = Zgbi + ] ngi
b fi

: 72
:>HEEZ SW?)G'ON17\/Q_*
a

a = Universe scale factor

mMplanck

® Remember also that in expanding Universe, all momentum scales as 1/a ~ 1/V1/3

p— vapvocl/a :}nocTBOcl/Vocl/a?’:) Pmdzn-<E>o<T3-To<T4oca_4

T ot 271'2

® Cntropy density: totally dominated by radiation: s = ;l’)?"Tad = 4—5g*T3 o 1)V



DM thermal equilibrium comoving number density

Comoving DM number density is constant when relativistic and becomes
Boltzmann suppressed when becoming non-relativistic when T' < mps
in the same way as e™ if DM is Iin kinetic equilibrium and chemical equilibrium

L—>DMS]\4<—>DMS]\4 Q—>DMDM<—>SMSM

relativistic non-relativistic
< : >
0 '_v- ! v - - - -‘v‘!
T :
= \ 1
‘:‘.! \\‘ Y
: ‘.:"! .‘Il ‘:
e Ty 1
Sl \ 1
E ~ 1 ::.r' “v '
Q 2" u'\ !
N I | '. |
[ 1
ol |
:;: r 1
§ g 1y "‘, 1
~ 2 u 1
ll'/" | !
10 ':, N"; “ 1
l(f‘! l. !
ol | L i)
T x=m/T (time -) z = mDM/T
T = MpmMm



No expansion : no thermal decoupling

f no expansion: et and e~ or
2 DM particles will always
finish by encountering

—> will still equilibrate numbers
and energies => no decoupling




DM thermal decoupling due to expansion

Clearly DM cannot remain in thermal equilibrium for ever: if it has not already

decoupled when it was relativistic it will anyway when it is non-relativistic:
as Universe expands the DM number density becomes more and more

exponentially suppressed: at some point too few DM particles for them to annihilate
—the annihilation DM DM < SM SM process doesn't occur anymore and npas/s freezes

particles couple as long as:

ot <~1/H H =

Y \

average time for a inverse of rate of
DM particle to Universe expansion
undergo an interaction ~ age of the Universe

SIS




Thermal decoupling condition

Particle decouples when: 6t > ~1/H < T'=1/6t < H

v °

interaction rate rate of Universe expansion
Foradecay: ot =1/I'p

decay width

For an annihilation ¢+ 7 — k + 1

(it k)= number of transition a single i particle undergoes per unit time
incoming flux of j particles
number of transition a single i particle undergoes per unit time
number of j particles crossing a unit surface per unit time

number of transition a single i particle undergoes per unit time
Mg * Urel

relative velocity between i and j
I'; = 1/4t; = number of transition a single i particle undergoes per unit time = n; (0; j—x1 - Uret)

average over i and j momentum distribution

:>Fi — N, <0ij—>kl Urel> — F Vijokl =N <0'z'j—>k:l Urel)
= number of transitions per unit time per unit volume



Relativistic DM thermal decoupling: “hot relic”

Eq
I'pv =npy (oM DM— sy sy Vret) < H

Q—>ifthis occurs when T'> mpus

nNpmM NpM . .
= = constant number it has when relativistic
S Ttoday S Tdec
relativisti - VISt 3 ¢(3
e at<v stic | non relatwlsyc oo — - chrz)gDMR?ec
: - - 2
> il 'Y RSN §  aee %gi?gec
/\ ) ’ - ~~— 1
T 0 . Ypoum q Epy =mpuy
- . N\ ! NDM MDM
decoupling here 5 \ 1 Qpm = .
@y 1 Perit today (redshift)
S !
§ § “,i \ ; o (YDM)today Stoday DM
e ¢ \ —
s 2™ \ ] :
” "; 10 '! YEq ||' b | pC’T”Lt
=30 L DM 1
3 ca; ".; : _ Ypou(Taee) Stoday MDM
>~ .j;m.{ ',| : Perit
|:-':, N”; l' 1 )
1\ ' | 1
oo . : pym mpar 0.7
ol o Qpay = 0.024 2 '
\ " 2 eV h
x=m/T (Lime -) — mDM/T ; -
T = mDM (gDM - 2>

:> QDM 2‘26% requires mpy =~ 10eV




Why a hot DM relic points towards eV scale?

because each DM particle today has much more energy than each 7V today: Epn ~ mpum
E’y = Ttoday

—3
at decoupling T'>mpy => Epy ~ E, ~T 107" eV

but once T < mpys the energy per DM particle freezes to Epay ~ mpym  Whereas
the energy per 7 goes on to decreases as I : the Universe is matter dominated today!

and since the hot relic DM scenario predicts npa ~ 1+ at decoupling => npas ~ n~ still
today

this means that to have Qpa not larger than 26% today we need DM to be very light!

2

numerically it is an experimental fact that today: Q,.,4 = 9.6 - 107° Prod = % g:T*
Qpar = 26% T, = 27K ~ 1073V

MDM :}mDM NO<106V>

Qpm Epm
— ~ 3000 ~ ~N—
today 10~ 3eV

Q7“ad T E’y

if npar ~ Ny




Why a hot DM relic points towards eV scale?

unless mpy S O(10eV) the relic devxsiij cohsﬁrau«;&&
$ . . . . Npm
requires a mechanism which gives: << 1

_— ———— -

this is similar to the baryon case Qp = 5% and m, ~1GeV — el ~ 1077

N~ ltoday



Non-relativistic DM thermal decoupling: “cold relic”

L—> gives naturally NOM 4 —> points towards heavier values of mpu

Ty
relativistic non-relativistic
< : >
oor f— . ey
T ' A
=) ' \‘\ 1
.:‘! \"._ 1 ,
_ Eg i | 1 | exponential
I'pv = UTYVa <UDM DM—sSM SM Urel> < H » r%; ,_=.§ \‘. decouphng here : Boltzmann
= 5 0! ' | suppression!
L—>occurs when T' < mps: 3 “; 'X/ :
I Z ey \ "7 Y
S ] ey \ YDM 1
2" { !
ol B ! i
ID‘! | ‘
l("' E I‘ 1
e Yoi 1_
Ir--r ‘ .". 1’
x=m/T (time -) P mDM/T
T = Mpm

approximation of instantaneous decoupling: for T' > Tye.inpa = ng%

for T < T,...no more annihilation at all:

q npay /s = const
, npm nNpm Npag

S today S Tec S Tdec

—> all we just need to know Is Ty,



Non-relativistic DM thermal decoupling: “cold relic”

Eq
Npam <0DM DM—sSM SM Urel>

Tdec H

=1

Thec 1s given by: %

Tdec

3/2

B _ mpa T3/ o—mpar /T
DM — 9DM Tor

g« = number of relativistic degrees of freedom in thermal bath

87Gp T?

~ 1T g ————

Mplanck

H =

m
:> Zdec = TZ)M = lﬂ[0-038 g\fgﬁ mpm mPlanck<UDMDM—>SMSM Um)]
ec >k

FE
NpM Np M N H(Tgec) 1
? YDM|today - — - —

S tOday S Tdec S Tdec <O-DMDM—>SMSM Urel> S(Tdec)
. 1-77-‘-2 '\/ g* Zdec ].

4 gpM MPlanckMDM (CDMDM—SMSM Urel)

1 Zdec
= const
mpm <ODMDM—>SMSM vrel>
? 0 . (nDM)today mpm (YDM)today Stoday M DM const’ Zdec ~ const” 1
DM <UDMDM—>SMSM Urel> <UDMDM—>SMSM Urez>

Perit Perit



Non-relativistic DM thermal decoupling: “cold relic”

4 .
. o ' r 1
the larger is the annihilation cross : ‘
! ! : = ; t\ nereasing <o,v> !
section the longer DM will remain o Bl ]
in thermal equilibrium, the smaller will E ~; \ Yoa 1
be the equilibrium number density [ VT Y]
2 Fuy X c :
when DM decouples, the smaller £ \ el
S i x' Ypum
will be Qpum - Yol ‘
ll’:." 1}

; m/T (time -i- o 77i2)A4J/1ﬂ

the relic density fixes the value of the cross section to a value

Zdec 1
~ const”

<UDMDM—>SMSM vrez> <UDMDM—>SMSM U?"el>

basically independent of mpy Qpar = const’

= Qpy = 26% < (ODMDM—sSMSM Vrel) = 3 - 10_26cm3/sec ~ 1072 GeV™2 ~ 1pb
4

. g
—> If (cpMDM—SMSM Vrel) X 3 and g~ 1~ ggw one needs mpy ~ 1TeV
DM

C o g~ 22 "WIMP miracle”




The example of a Dirac neutrino with mass 1M,

my, ~5—10eV m, ~ 1GeV g, =4

lg Q h?

Fl/ — Ny <UVI7—>€+€_ UT€l>




The example of a Dirac neutrino with mass 1, : hot relic regime

m, ~5—10eV m, ~ 1GeV

lg m, [eV]
| el nfq ~ gl/T3
we consider m,, << mz w and assume Tge. > m,: 7
<Juﬂ—>e+e_ vrel> ~ &12/1/4—
; o2 T o
I'y ny I <UVD—>e+e_ UT6l> Jvw m%/V,Z
i — - ~ = =1 = Thgee =~ 1MeV
T ec o/ T ec \/ ___aec
¢ 1 7 g* MPlanck ¢ g* mP;ianck:

—>if m, < 1MeV the vV isa hot relicand €, «x m, = Q, = 26% for
m, ~5H—10 eV



The example of a Dirac neutrino with mass M, : cold relic regime

m, ~5—10 eV m, ~ 1 GeV Lee-Weinberg

e
| lg m, [eV]
if m, > 1 MeV: cold relic
- M 1nf0.038 22 m, m ( Vret)] ~ 22
Rdec = — 1nju. v MPlanck\Ovi—ete— Urel ~
Tdec \/ G - ,
x 1/m,2if m, <<mwz < (Oupete Urel) X TV
1 My z

(), ~ const 1

<UV’7—>€+€_ v""el> X m,,2 it m, >>mwz <+ <0V,;_>e+e— Urez> X —=

2
my



Thermal DM relic density so far

Thermal decoupling way highly depends on mass of mediator in

annihilakion process:
for g ~ 1

U Mypeg << Mprr: O X 1/m2DM: DM is a cold relic and Qpuy = 26% requires mpy ~ TeV
“WIMP miracle”

0
a true "WIMP" is for example a fermion triplet (see above): YD ZWT
T = 2.7T _
only EW interactions :> oM riev w%M
—0
(U
DM 2. W-

U Mmea >>mpy @ DM can be cold or hot relic depending on cross section

in all cases thermal decoupling gives relic density independent of initial conditions!

hot relics: mppnr ~ O(].O eV)

—> what is maximum and minimum value of mpy for a cold relic???

1keV < mpny <100 TeV



Maximum mass allowed for a thermal cold relic

C o thermal freezeout requires: (ooampa—samsar vrer) = 3 - 10720 cm® /sec

(2J+ 1)

pDM

Q—> but unrtarity of S matrix requires: opypm—smsm <

2 2 ) 2
Ppopyv = Ppyvm — Mpy = mDMvrel/4

41
:> for J =0: ocpMpM—sMSM Vret < 5 :> mpy < 110 TeV

MparUrel

2 -~ 6Td€C -~ 6

rel = mpm 22



Minimum mass allowed for a thermal relic: Cold DM constraint

L—> in principle if one reduces the DM mass and the couplings together
one can always get: (cpympm—ssasam Vrer) = 3 - 1072 cm? /sec

T

x g" /m?
but one cannot go below ~ keV due to structure formation constraints:

DM must be cold!
w

# DM s a cold relic!

L> large scale structure formation begins to largely develop themselves
when matter begins to dominate the Universe at T ~ eV but
to grow from this time they need seeds at this time: anisotropies of
energy density at this time

it within the comoving scale which corresponds to a supercluster
there are no anisotropies at this time:

-less smaller structure (i.e. galaxies) will form
contrary to

-galaxies will form only much later X observations!
- galaxies younger than superclusters



Minimum mass allowed for a thermal relic: Cold DM constraint

—> by the time matter begins to dominate the Universe, we need

anisotropies at scales smaller than supercluster scale!
“free streaming length”

however this will be not the case if mpy < 1keV  because in this
case one can calculate that the comoving distance that DM would have

done Is larger than supercluster comoving size— erase anisotropies at smaller distance

L—> since DM becomes non-relativistic only when T' S mpum
the lightest it is the more distance it will have done

—> mpy 2 1keV : DM is cold!

=>mpy >> 1keV :DMis cold DM is a cold relic: decouple non-relativistic

mpy << 1keV :DM is hot #

mpy ~ 1keV DM is warm DM is a hot relic: decouple relativistic

: . . excluded because
L=> for example a IV with m,, = 30keV s cold but a hot relic!  ges 0, 55> 2%

L=> in practice all hot relics excluded because if cold they overclose the Universe!

L‘> for example a V with m,, ~ 10eV Is hot and a hot relic! excluded because hot






Accurate calculation of the DM relic density: Boltzmann equations

Q—> equation giving the variation of the DM number density per unit time

( . . . const const
= |f no interactions: npys = X 3
V a

dn a const
:> DMEhDM=—3—' = —-3Hnpy
dt a a’

:> hDM+3HnDM:0

Q—> if interactions: DM DM < SMSM

I‘DMDM—»S’MSJW — NDM <0-DMDM—>SMSM'Urel>

= number of DM DM — SMSM transitions a single DM part. has per unit time

2
YDMDM-—-SMSM — TVpas <ODMDM—>SMSMUTel>

= number of DM DM — SMSM transitions per unit time per unit volume

—> npy +3Hnpy = (VsMSM—DMDM — YDMDM—SMSM) * 2

T T ANpy per reaction
number of SMSM — DMDM reactions  number of DMDM — SMSM reactions
per unit time per unit volume per unit time per unit volume



Accurate calculation of the DM relic density: Boltzmann equations

/ steps ahead:

()

npv +3Hnpy = / PPpas, dPpar, d> P, dpsar, (27)*6* (ppar, + PoA, — PSM, — PSM,)

S
©
3

N—

w

: [fSMl fSMQ‘MSM;[SMQ%DMlDMQ ’2 - fDMl fDM2 ’MDMlDM2—>SM1,S’M2|2] : 2

(2) SM particles are in thermal equilibrium — fsar, , = 5 ]\qﬁ ,

Eq _ 1 ~ o—E/T
eE/T +1

—(Esmy+Esm,) 6_(EDM1 +Epnsy)

(3) Maxwell Boltzmann statistic approximation — f

fSM1fSM2 =€ fDleDMg

(4) [Msan sa,—s D DM, |2 = IMbar, Dat—san s |* = |M|?

CP conservation assumed here



Accurate calculation of the DM relic density: Boltzmann equations

(5) fpn +3Hnpy =

~ ~ ~ ~ 4 _ _F
/dngM1d3pDM2d3pSM1d3pSM2(27"') §*(poasy + PoMs — DS —psz\/[g)fDM1 DMQ‘M‘Q —= ’VD}I\/11DM2_>SM15M2

9. (1 Jom, fDM,

fDMl fDM2

Iom, fDM2 Y,
~ Eq2

kinetic equilibrium of all particles — .
DM, fos DM,  ""'DMm

npm

(6) npym — YDy = S soc T3 oc t73/2 %:—3113
: n n
YDM _ DM n 3 DM
S S
1
(/) t = 2=mpm/T radiation epoch: H = % - % =zH
Ypum E Y5
— SZH(Z> e =2 7D?\4DM—>SMSM ' (1 - YEqQ)
DM

—> Integrating this equation over z one finds Yp|today

= shows that instantaneous decoupling approximation above very good



Beyond thermal freezeout: a few other possibilities



Freezein

s it might be that DM has never been in thermal equilibrium
with SM thermal bath

- example: - a SM — DM DM decay:

mMmppr ~~ TeV

1 2
Tawy|  _SToM) ey <107
H T~mpm H T~mpnm

-a DMDM — SMSM annihilation:

9 mDMNTeV

<1 <:> q S 10—3.5

Fannz’h Mo

H T~mpm H T~mpm




Freezein

- If the DM particle doesn't thermalize with the SM thermal
bath clearly DM lies in a Hidden sector

~"Standard Model ~~
SU(B)C X SU(Q)L X U(].)y
S~ LW Z, g, H

S

small portal interaction: T'portar < H always

Cs for example with a Higgs portal, £ 3 —\,,¢'¢H'"H , both sectors do

not thermalize with each otherif: A\, < 1070 « mg ~ TeV

H'H < ¢'¢
SFY F™ both sectors d
1 L', both sectors do
not thermalize with each otherif: € <107°% <«  my ~TeV

- 7w , (= a)

~ /
><7

L-\> for example with a kinetic mixing portal, £ > —

+
Hw R L




Freezein

= in this case even if no thermalization the SM thermal bath can still
produce very slowly (out-of-equilibrium) pairs of DM particles to

get the I”Ight amount of DMiI:_GE_Z_@lﬂ remember the npar/ny we need to get is much
- smaller than the relativistic thermal value: npas/ny ~ 1:
f W= ¢/ no need for DM to necessarily thermalize
7 v
Mc Donald 02’
+ T B Hall, Jedamzik,
5w o Y / March-Russell, West 09’,
2 Tt Yaguna | I’
dn Frigerio,TH, Masso | I',...
oM = nsti (T){osn;5M;—DMDM V)
dt npm
You = —— :
‘U’ 5 freeze-in
200 (1)) )
dYpy "o, (T)(0sm; sM;—~DMDM U 9 N
— i 1/T° <— =
T TH(T)s(T) <1/ You == 0|

*

U T >mpum 107+

€q
Ypyu < 1/T down to T~ mpn €— where ngh, becomes
Boltzmann suppressed

10—11 L

-13 L . . . .
10 0.01 0.1 1 10 100

L—> DM production IR dominated as for freezeout z=ma/T
L>produ<:tior1 depends only on interactions at 7' ~ mpjys and not on physics at higher scales
L> but unlike freezeout it depends on the DM number initial conditions

A endof inflation’ freezein
Qpm = Qpy +Qpu



Freezein

n%M<0-SMSM—>e’é’ U"r‘el>| . 1
S T~mpm H(T"\J mDM)

t t

number of DM particles |
created per unit time per age of the Universe
unit volume over entropy

o
O<€2 o =

Ypoan ~

= Qpu = 26% requires a tiny coupling: € ~ 10719

Qpus thermalization point
A O / Mc Donald 02’
1> & Hall, Jedamzik,
QS < ,
March-Russell,West 09’,

@ S
0.26 Q' """""""""""""" 8@00 Yaguna | I’,
: : 4 Frigerio,TH, Masso | I',...

1 1 OSMSM—DMDM X €
e~ 10717 e~ 1
~ DM ligh | h
— o far we got 3 ways to get or NDM ~ Ny = must be very light but excluded (hot)

Qpa to be only 26% despite = DM must be heavier (cold)
, . or npy << Ny must be heavier (co
of the fact that DM is matter: Q_> from freezeout (Boltzmann suppression)

or freezein (tiny coupling suppression)



Going more general: general hidden sector structure

" Visible Sector "~
SU(S)C X SU(Z)L X U(l)y T
portals with purely HS annihilation channel(s):

=

~ Hidden Sector
_ with its own particle zoology
™ gauge groups, DM, ....

7 —_ —

N q, 7, W7 Z7 g, H —i_?

oy

SM +SM < HS+ HS DM + DM <+ HS + HS
SM + SM < DM + DM

—> DM can annihilate in the HS sector and/or to SM particles and/or be
produced from the visible sector through freezein, ...



A prototype Hidden Sector model: hidden photon + hidden electron

Q—>the QED’" model already considered above: £ = Lgn + ¢ (i D" — my )y’

Q—> a €’ charged under a new U(1)x with no charge under SM
with SM particles chargeless under U (1) x

— =

===

Hidden sector \\

U(l)x

" Standard Model
SU(g)C X SU(Q)L X U(l)y

|<ingtiocr§|ixin “hidden electron”
o Epy F“% gauge boson of U(1) x
4RV X “hidden photon”

+ whatever you want in UV
(irrelevant: freezout and
freezein: infrared dominated!)



A prototype Hidden Sector model: hidden photon + hidden electron

- 1
L="Lsn + (@D —my) —ZFLF)‘;IJ 3 parameters: mpar, o, €
DM electric charge : k = v/a'/ae
_|_
Connector processes: fo W™ o ¢
/ /
T Z
f7 W+ T e’ e’
9
o _F/u/F/
Eom i b o(SMSM — 'e') x a’k?
Hidden sector process: ¢ Y
¢ o(e'ed = 7'+ x o
e 7/
H dYy, 2 2 2 2
Z;E = Z<Uconnectv>i(qu(T) -Y*) + <UHSU>(qu<T/> -Y7)
1
1 1
SM;SM; — DM DM Yy — DMDM

DMDM — SM;SM; DMDM — ~'+



Visible sector/Hidden sector/Connector structure:

5 basic ways to get the observed relic density
Chu,TH.,Tytgat | |
hidden sector interaction:
phase diagram Log,[Ypm] (mpm=0.1GeV)

B/EIH’}/”)/, I T I A RN

Hldden sector

j / freeze out reg|me

Reannihilation

T regime i from e'e 'y
regime 7
(DM thermalizes within theHS)\4
regimes without thermaliza- % ) ] regimes with thermaliza-
tion of HS with SM sector éo ’ ] tion of HS with SM sector
\ Connector

Freeze-in
SR e ‘_‘8‘ . freeze-out regime
regime [ ]connector |nteract|on S ———
10

(DM doesn't thermalize with anything) T - SM-SM ¢ from SM SM <« e’ ¢
slow DM pair production SM SM — ¢’ €
ko~ 1071



Visible sector/Hidden sector/Connector structure:

5 basic ways to get the observed relic density

Regime Il is new: reannihilation: the connector SM SM < ¢’ &

Region Il (171 py;= 200GeV, k=107, &' =107>%)

process Is out of equilibrium
but the HS €’ & <+ 7'y" process is in equilibrium

—> hidden sector has its own temperature 7" # T

s freezeout in HS with 17 = T" and with still at same
time slow SM SM — ¢'& DM production

Ty = mpa /T

NB: with (massive) Higgs portal: a fifth regime: Dark Freezeout:

phase diagram Log,,[Ypm] (mpm=10GeV)

(s freezeout in HS with T” = T and at this time
no more slow SM SM — ¢'¢ DM production

Log,,la']

more details in Chu, TH., Tytgat | |




Asymmetric DM

L—> above we have assumed no DM matter-antimatter asymmetry but
there could be one

2 asymmetric relics do exist already in Nature: protons and electrons!



The proton asymmetric relic example

at T' ~ m,, : protons number density becomes to be Boltzmann suppressed from pp — 7

if the number of p was at this time the same than the number of p one would
have a symmetric freezeout just as DM above but driven by a strong process rather
than a weak size one —=> very strong suppression:

o Q9
.

=4

Y
p o N " 3
n ng 1 _ "y i 1
£ =L« ~ 10718 " 1
S S <0'pﬁ—>7r7r : Urel> :,,i 3 :
3] B : i3 -_‘. ".i '..'- ;
annihilation catastrophy 5 ey \ 1
we would not be here to talk about! $ 0 : \ ]
3oy \ 1
:’ 1w " ll 1
g 1wy \ 1
5 1 : n _
o | o s
o r S
r
¥
I

L P P

1=

X m,-"l' (:lm(‘ *) z — mp/T



The proton asymmetric relic example

at T' ~ m,, : protons number density becomes to be Boltzmann suppressed from pp — 7

if the number of p was at this time the same than the number of p one would

have a symmetric freezeout just as DM above but driven by a strong process rather

than a weak size one —=> very strong suppression:

n Ny 1 _
P _ P ~ 1018
S S <O-pﬁ—>7r7r : U?"el>

i
PRSP |

“annihilation catastrophy”

we would not be here to talk about! \
\

o O 9w o W L 9
L
T — T — T — .
-

2 e 1
2 ioe) asymmetry, floor .S
é 1\ .t i’ 1 %
AL :
o 1\ o‘! ‘. 8

10 , 1

1o ‘r '

1oy 1

[ . aad

x=m/T (Lime -) = mp/T

but If at this time n, > npthen the efficient pp — w7 process cannot annihilate so

many P because once it will have annihilated (almost) all p still we will be left with
Np —Np ~ 10—10

preexisting

' n
a P population: -2 =
S ltoday S




Asymmetric DM same StOI‘y das baryons (in simplest version)

YDM\_‘J‘ ! v Py '--!
"1 '—-- — ) ‘:
0t | L 1
.:‘. \\ ‘
! \ -
> 1 1
g T \ 1
gy \ 1
21 1:',' 'n '
2y \ 1
5 1o " T 1
z|0'- ‘o-_" -—-—--—-———\. nDM _nDM_nDM Nlo_ll
! J - ~
E’I(' 'i asymmetr‘)"',)ﬂoor 1 S ltoday S preexisting
g 1oy 1
3 ""i \ 1 mpy ~ 100 GeV
v lf/" I' !
1oy | 1
T Eq |
4 YDM \ 1
1o e N
' | )
Tl PRRPRP PP | PUREPRY VRPN | et ahatiehdhd
x=m/T (time -) z=mppn /T

® e still need an DM annihilation to put DM in equilibrium and to Boltzmann suppressed it at T' S mp s

the annihilation cross section must be larger than for symmetric freezeout to get rid of the symmetric

component
DM — Npug ~ 10~

S preexisting T

® we need a preexisting asymmetry:

mppr ~ 100 GeV

created before from other interactions
—> we loose a lot in predictivity % symmetric freezeout!



g <> Qppr similarity =  asymmetric DM?

Observationally: Lo

~ 5 <4 coincidence or deep reason??!
B

1

No explanation for such a similarity along the symmetric thermal freezeout scenario:

107

10°8F

Abundancies

Baryons avoiding

a catastrophe
10—12 L

-
-

=

Freeze-out (here a 100 GeV WIMP)

10—16 L

\
1
1
)
1
1
1
1
\
1
1
1
\
1
1
1
)
1
1
1
10-20

1
10

1
I I 1l I
500 1000 5000 1 x 10°
Mdm

T

Suggests that maybe DM is asymmetric and DM asymmetry created from the
same process as baryon asymmetry



g <> Qppr similarity =  asymmetric DM?

Common creation of both asymmetries from a same process: "Co-genesis”

q q
X ?ff X
DM DM
— Nt — n= — N Q)
:> npm nDM:nq nqzlnp np :> mDngﬂ,mpN15Gev
s s 3 s (g

—> wetradethe Qpy <> Qp coincidence fora mpas <+ m, mass coincidence

we should have be seen already in general —> need to complicate the model, ...

but remains certainly is a possibility
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Flux of DM particles crossing the earth

ppm =~ 0.3 Ge\/'/cm_3 <— simulations of DM halo formation fitting the observations

vpyp =~ 220 km /sec <« orbit velocity of Sun in galaxy

1
\V2To

o ~ 270 km/sec

2 2
e_vDM/2U

L—> with distribution of velocity around: Maxwellian: f(vpar) =

100 GeV )

mpm

—> DM particle flux: O(10° cm™?sec™") - (

10° more than i flux

10° |ess than total solar v flux
100 less than E, > MeV solar flux



Search for a DM-nuclei or DM-electron scattering: direct detection

DM SM DM SM A _
O
g
©
O
DM SM DM SM | ©
>
relic density

V ~200 kmls:

WIMPs and Neutrons
' : 5catterfrom the
Atomic Nuelflis™

| Photons and Electrons
scatter from the
Atomic Electrons




Search for a recoil of a nuclei or electron from DM hit: direct detection

do

dR ppm 1 / 3
_ = _ d
dER mo N o ’UDMf(UDM) dER UDM

T DM flux T velocity distribution T
‘ vcost =

nucleus recoil energy rate per mass of nuclei Cross section 1

Event rate (on nuclei):

mNER

myNyMpMm
myN +mMpy

for a given vpas there is a kinematic upper bound: Er < p°v%h,, /my ~ 0 — 100 keV

—> exponential fall-off of f(vpar) for large vpas gives an exponential fall-off for large Ep

dR ( dR E.~107%2/my

—  ~ - F2 E _ER/Ec
dER dER)ER:O ( R)e

T

nuclear form factor

—> need for detectors with sensitivity to low Er ~ few keV and low noise



Search for a recoil of a nuclei or electron from DM hit: direct detection

do

—— :depending on the DM candidate the cross section is:

dER

spin-independent:

ON_pum X A

T

couples coherently to
nucleons in nuclel
much better sensitivity,
especially for large A

(even if suppression of form factor
for large Epgis larger for large A )

L> applies to scalar DM or fermion

DM with vector coupling, ...

spin-dependent:
ON_DM X J(J—I— 1)

need for nuclei with a spin, e.g.
with odd number of nucleons
coupling only to spin of the last nucleon

Q—» applies to fermion DM with

axial vector coupling, ...



Spin independent direct detection

do 1 myoo [Zfp+ (A—2Z)fa]? o
dEr 02 2,u2T FEr)

f2
n
DM-neutron cross section T
coupling of proton to the mediator nuclear form factor

coupling of neutron to mediator

Xenon!| T (2018): best limit for mpas > a few GeV

107
% 107
Y : '
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Spin independent direct detection: neutrino floor

SuperCDMS Soudan Low Threshold
XENON 10 S2 (2013)
Y ,CDMIS-II‘Ge Low Threshold 2011) ‘ i R i . 10—3

10—39

: A
10740} \\"0 \\\\ \'\_\ \\\\“4 (c’;g?;)NT 11074
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Spin dependent direct detection
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A new trend for the future: direct detection of sub-GeV DM

1 meV 1eV 1 keV 1 MeV 1 GeV 100 GeV
| | | | | | g

» mass
| | | | | |

A
v
A
A
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Absorption Semiconductors  Traditional WIMP

conductors

) rCDMS XENON1T
Dirac

Materials

Polar NSEI LZ

Crystals Superfluid
Helium

QCD axion, “ultralight frontier” From K. Zurek, GGI2018 talk

~meV energy  ~eV energy ~keV energy
resolution resolution resolution
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Part 4

DM Indirect ¢

etection



DM indirect detection: a huge field! DM><

SM
iIndirect detection

Q—> search for fluxes of cosmic rays produced today by DM annihilation or decay

|) Gamma-rays:
- radiation from charged particles produced by DM: diffuse flux
- or created directly at loop level (DM is neutral): monochromatic flux

Y / Gamma-rays

2) anti-protons /8
v/v Ao

. % W /Z/q
3) electron and positron wip Dark>@( .
Matter Particles ——»/\, v
: Ecum~100GeV LA (A
4) neutrinos o % WH/Z/g ' et

v / Y Neutrinos

5) anti-nuclei \u\\i
| | e-[ VyuVe
6) effect on synchrotron radiation flux + atew plp, i@
Anti-matter

/) heat deposited by DM products on CMBR,
effects of DM products on BBN, A =21 cm , ...

8) ...



DM indirect detection: regions of production

C~ annihilation: many more in dense DM region: galactic center and dwarf galaxies

o . 2
number of annihilation o< np,,
s decay: also many from less dense DM region number of decays o< npy

7Y, V:flux, energy spectra and direction basically unaffected during propagation => points
to the source and the many ones produced in the galactic center reach us!
e~ :very local: magnetic field + absorption

P :less local but still the ones from galactic center do not reach us much

-

* - A
e’ D YU

> provides interesting upper limits but
interpretation of excesses in general difficult

Pamela, Fermi, Integral, AMS,... excesses
monochromatic 7V and V: no astrophysical backgrounds + flux, energy spectra and
and direction unaffected!

diffuse flux: astrophysical backgrounds!



Uncertainty on the DM density profile towards the galactic center

Simulation of DM galactic halo formation predicts
somewhat cuspy galactic DM density profile:

10°

AN —— NFW
107 O\ —— NFW_
Moore

— Moore

Isothermal

oln) (GeV em™)

1 —
_ isothermal
0.1

001
0.001

0.01 0.1 1
r (kpe)

10 100

Observations give some indications for a somewhat more “cored” profile (“isothermal”)
profile but not precise at all so far



Calculation of the flux on earth: example of "-rays

d®, 1 dN, ov 1 p% .,
dE, 4w dE,m2 Jy 1?2 2

T DM = DM
flux on earth
spectrum
O,
Su

add., 5 AN, oV
dE dQ ps dE 87Tm2 J(@> for detectors with good

directional resolution

J(O) :/l ds (’ODM(T(S’@)))2 J-factor

os 70 Ps

dN.,
dE.,

for p and €™ : much more complicated: propagation effects

—> for monochromatic photons: =20(E, —mpnm)



Search for 7Y-lines: DM smoking gun

DM A Y

DM A v

Annihilation cross section upper Imit: (o v) parpar—s~~ Decay width upper limit: T'pas— 44 x

1020

-—h

g
N
(4]

HESS Einasto

- Fermi-tAFEinasto — — — — — —  nermal value

Tz,
= !
C: 1026 — I I 10-27F
§ g II !
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vk ; i ! = Y
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4 i i Fermi-LAT
1020 Ln L] L] L] o 10-30 . : : .
102 10" 1 10 m, (TeV) 100 500 1000 . 5000 1 x 10¢ 5x 104
nMpm eV
See also recent Hawc results 1301.1173 ot
. Sensitivity to cross sections better than thermal value! Sensitivity to 1028729 sec lifetimes!

~ of order what could be expected given the loop suppression
Sensitivity to V-line cross sections 2-3 orders of

magnitude better than to diffuse 7Y cross sections



Search for V-lines: the other DM smoking gun

fromm DM annihilation or decay

Annihilation cross section upper limit: Decay width upper limit:

<0 U>DMDM—>W I'pmv—vtx
10-20: ! L | ! LI ! T T TTTT ] 1028 T T LR T T
- ] Halo Uncertainty
1 x — vv Einasto ——
10721 .
n —
,.é % 1026 | _
L/% 10221 i g
~ kS
< j
o
V 10-23 F -
- NF 10%* - .
[ vy > vV IceCube-2011: 1101.3349
10-24 L L L IIIIII L L L IIIIII L L L IIIIII "'I 1 1 ||||||| 1 IIIIIII
10! 102 103 10* 103 10* 10°
m, [GeV] m, [GeV]
IceCube 1606.00209  (2011-2012) Above 100 TeV there are other limits: Rott, Kohri, Park , 14’

Still far from thermal value but large Esmaili, Kang, serpico 14

improvements to be expected



Search for V-lines: the other DM smoking gun

fromm DM annihilation or decay

L—> using a 2010-2012 public IceCube data sample: for DM decay: I'ppar—p+x

dedicated line search using Fermi-LAT statistical techniques, ....

10%L i
= —;
0 C ]
S i

E 107k = Observed Limit i
SRy~ IR LEEE Expected Limit ]
Expected 68% Containment -
10%L - Expected 95% Containment _:
——99.9% CL Limit ]
25 Conenl vl vl vl
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(S107) 2Aqurey ‘uossjeisny ‘Hesry [

8

10%
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7]

—_—
[

1030 e
n
r-ﬁ‘_,-ﬁ,a{.,,- ]
This Work
| IceCube
------- H.ES.S.
----- Fermi

1028+
1027+
1026+

1025
1

El Aisati, Gustafsson,TH |5’

(oo SRt s Y

between few TeV and 50 TeV.
7Y and V line sensitivities are similar!

103

10*

105 106\ BRTTC
Mpm [GCV]
~ an order of magnitude

improvement from few TeV
to 100 TeV

—> neutrino are coming into the game and also for an annihilation....

monochromatic neutrino production not loop suppressed, Sommerfeld boost, ...



Part 5
Phenomenology of example scenarios
and models

(briefly)




3 different phenomenological approaches

Effective operators: most model independent approach

Explicit DM-5M mediator setups

Explicit DM models



Effective operators and
explicit mediators



Effective operator approach

Q-}} examples: vector and axial operators

AV

LK

O = —wDM7u¢DM q7"q

spin-independent direct detect.

1

T T T T T T

= — :
|_I_| C R | E 1600 ATLAS ) s==n expected limit (+10=20)
- -1 O /s=8TeV, 20.3fb" - o
dn-t- S 1400 DE s g
o 1200 Er**>500GeV — - truncated, coupling=1 |
8 - - truncated, max coupling b
n
, > < 1000
Colliders: A > 1 TeV —5% >
o
[oX
for mpy up to ~ 500 GeV g 800"
_ 400
from monojets,
200
mono-photon, obl ]
W 10 10? 103
MONO-VV, ... WIMP mass m [GeV]
q g X
—1028 — T
ATLAS 90% CL -DAMA/LIBRA 30 -2
10%°E . o1: % V5=8TeV, 20.3 10" Egggﬁﬂ Islagz/OCL
D5: %y A, * Cliytyaa B CDMS, 1o
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Direct Detect. (201
A 2 10TeV
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WIMP mass m, [GeV]
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olliders
DM SM

direct
detection

DM SM |-
relic density, indirect detection

induced by heavier particles whose
mass and coupling are not specified

1
O = —%MWWWDM qa¥"vsq

spin-dependent direct detect.
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Effective operator approach

L—%> examples: vector and axial operators

AV

LK

0= F%EDM%WDM qa7"q

spin-independent direct detect.

| HC-Run-11:

- -
(DI (DI
@ @
&

107%
107
1074

o, (DM-nucleon) [cn]

10742
10

— 10
or, 10_45
107

1074

ATLAS Preliminary July 2017
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Vector mediator, Dirac DM
9,= 0.25, g,= 0, ou = 1
ATLAS limits at 95% CL, direct detection limits at 90% CL

LRLLLLL B L BELLLY R B UL L L L L L L

vl vl svvd Nl el e

1078
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10 102 10°
DM Mass [GeV]

LHC: A = 3 TeV
XenonlT: A 2 25 TeV

& Dijet
Dijet 8 TeV ¥s = 8 TeV, 20.3 fb'
Phys. Rev. D. 91 052007 (2015)
Dijet ¥s = 13 TeV, 37.0 ™'
arXiv:1703.09127 [hep-ex]

Dijet TLAYS = 13 TeV, 3.4 fb”'
ATLAS-CONF-2016-030

Dijet + ISR Vs = 13 TeV, 15.5 ™
ATLAS-CONF-2016-070

E_I';:\ISS_'_X

ET"+y V5 =13 TeV, 36.1 b
Eur. Phys. J. C 77 (2017) 393
E7*+jet =13 TeV, 36.1 fb”'
ATLAS-CONF-2017-060
ET*+Z 5 =13TeV,36.1 1"
ATLAS-CONF-2017-040

~—CRESST Il

arXiv:1509.01515v1

—XENON1T

arXiv:1705.06655v2

— PandaX

arXiv:1607.07400

—LUX

arXiv:1608.07648; arXiv:1602.03489

o, (DM-neutron) [cm?]

O =

107 g - T3
10%°E |
10k -
10%F .
104 -
10—42 ;_ Erniss+x ,:
E T 3
10743 / Dijet -
E — 7
104E .
10-45 :_ Axial-vector mediator, Dirac DM _:
E gq=0.25, g|=0, gDM=1 3
F  ATLAS limits at 95% CL, direct detection limits at 90% CL ]
107 ' ' '
1 10 10? 10°

1

spin-dependent direct detect.

ATLAS Preliminary July 2017

DM Mass [GeV]

LHC: A > 7 TeV

FQZDM%L%??DM q7" 59

= Dijet
Dijet 8 TeV ¥5 =8 TeV, 20.3 o'
Phys. Rev. D. 91 052007 (2015)
Dijet Vs = 13 TeV, 37.0 o'
arXiv:1703.09127 [hep-ex]
Dijet TLAYS = 13 TeV, 3.4 fb'
ATLAS-CONF-2016-030
Dijet + ISR ¥s = 13 TeV, 15.5 fb"
ATLAS-CONF-2016-070

= [miss
+

By *X
ET+y V5 =13TeV, 36.1 b
Eur. Phys. J. C 77 (2017) 393
E7*"+jet ¥§ = 13 TeV, 36.1 o'
ATLAS-CONF-2017-060
ET™+Z¥5=13TeV, 36.1 b
ATLAS-CONF-2017-040

~—LUX

arXiv:1608.07648; arXiv:1602.03489

NB : for operators with 2 DM and 2 leptons colliders very competitive % direct detection



Explicit mediator approach: Z mediator for fermion DM

Q?} e.g. assuming DM/SM specific mediator with given coupling and masses:

DM DM
® / mediator: fermion DM: vector and axial DM coupling to the Z
A
L> —Z Vo gDM + gDM% Yopm
H cos Oy (gv A ) N N
DM Fermion DM coupled to the Z Fermion DM coupled to the Z
gV 10 :\ TTTTT T T T l\_\ TTTT T V/ec-tor gg{\gl TTTT T T T T T 177 T \/ T ‘a“><‘|‘a\‘\|:
B Vs =8TeV .~ ] B - t ]
i det=s19.5 1 - ] i [ \/?_8_]16\’/
s 7 L Ldt=195f""" 1
% L] o7 Vs =14TeV ] 2« | 7 N[5 =14TevV
N 1k -7 JLdt=3001b7" - 5 7 [Ldt=300f07" -
e i E 1 g
g -
'g 10™ §-< LUX 2013 g
o)
S hermal S ]
§ I'Zinv algufltiggce % 107! Xenoq T
3 102 i ]
> E <
> ;2
o - LUX 2013 7 @)
; i i thermal abundance
1077 ¢ E
/] | [N \/\\H: 10_21\\\\ | | [ | | [ |
Yenon| T 10 S~—1 10° 10 10? 10°
DM mass in GeV DM mass in GeV

DM candidates which have hypercharge of O(1): totally excluded by direct detection

except for fermion axial coupling case above 10 TeV

DM candidates with vanishing hypercharge but still small coupling to Z through mixing:
coupling to Z must be small and relic density allows only candidates above~ 2 TeV and ~ 150 GeV respectiv.



Explicit mediator approach: Z mediator for scalar DM

. L£L> —-Z, B 96 | Ppar0" dprr — MOy O DM

COS «9

< e similar to fermion DM vector case

Scalar DM coupled to the Z

De S|m1<8ne G|ud|ce Strurma I3

-

Z“ s = 14TeV
det 300 fb!
2, 1

%0 ]
N [ |
3 1
-1 J
g :
£ L 1 thermal ]
8 + abundance g
> 107 -
S .
i LUX 2013 :
10_3 : \ /

Xenon| T
allowed above ~ 10 TeV

similar to fermion DM with vector coupling —> totall excludedfo “standard” Z couplings




Possible kinematical way to avoid Z exchange strong constraint

example: a scalar doublet H2 odd under a Za2 symmetry: Hy — —Ho
“Inert scalar doublet DM”

H—I—
Hy = ( Ho+idg ) “—Y=1#0 Deshpande, Ma 78, Barbieri, Hall, Ryshkov 06,

V2 Lopez-Honorez, Nezri, Oliver, Tytgat 07,
TH, Lin, Lopez-Honorez, Rocher 08

from the most general scalar potential Hg and Ag do not have the same mass

V = pd| Hi[* + p3|Ha|* + M [ Hi|* + Ao Ho|*

A
2l Hy P Hol? + Ml HHol? + 5 | (H] Ho)? + hc.

—> mp, —m}, = Xsv® => the lightest neutral component is the DM

= if splitting larger than ~ 100 keV: no direct detection through Z exchange!

HO AO
= DMis highly non-relativistic today: Exin S 100 keV

mechanism also possible for a fermion doublet, more demanding for higher multiplets



Explicit mediator approach: Higgs boson mediator: scalar DM

® Scalar DM: Higgs portal interaction: £ ApyH'H ¢ p0pm

) ' I8 DM DM
Higgs portal
Scalar DM coupled to the Higgs N N
ADM
10¢ \/?:8TeV
- JLdt=195m"

2 i Vs =14Tev

S [Ldt=3001b!

81

.

s

=t

an

£

g 107!

S

>

A Xenon| T

1072 .
T T %Simone,Giudice,Strumia |3
10 10° 10°¢
DM mass in GeV
excluded below ~ 600 GeV (except around h resonance)

N.B.: Xenon!| T probes it up to ~ 1TeV for Apy ~ 1



Explicit mediator approach: Higgs boson mediator: fermion DM

@ Fermion DM: lowest gauge invariant interaction: dim->

1
O=3

H'H Ypadpu

spin-independent direct detect.

YDM = % Fermion DM coupled to the Higgs
10 Vs =8Tev
< JLae=195m" | 5 _ ey
: 8 7 JLdt =300 "
LHC monojets (2014) ¢ |
.80 E
for mpar up to~60GeVE ‘ ]
i, s, |
LHC: Higgs boson N
invisible decay width S 1
107 ¢
v w W
DM mass in GeV

Direct Detect.;
A 2 30 TeV

for 10GeV 2 mpy 2 1 TeV

DM coupling to Higgs, yh,,

1 _
O = KHTH VD MYs5

Ypum

spin-dependent direct detect.

Fermion DM coupled to the Higgs

pr =

= <

10¢ f\/? =8TeV
E JLdt=19.5fb7"
i Vs =14Tev

[Ldt =300 f6!

thermal
abundance

Lé)[.)ez-Honorez, Schwetz, Zupan |2
1 De Simone, Giudice, Strumia |4

10
DM mass in GeV

103‘\ .......

Direct Detect.:
no relevant bound



Explicit models
(briefly)



The simplest example: real scalar singlet DM
L—¥> a real singlet S odd under Z, parity: S — —S

1 2

E > —5,&%52

1

1 5 5 1
4 f 2 mes = + = ApgU
24)\55 — —2)\th HS s — HUs 5\

For mg fixed, \j,, can be fixed by Qpas ~ 26% constraint

Cline, Kainulainen, Scott, Weniger 13

—40

—49 —42

. E E
Higgs invisible = —* = M

width < < .
g —46 e §s

~ Xenon!|T =

—48 48 B S

(roughly = £

; i

70 20 25 30 35

log,g(ms/GeV)

Xenon! T direct detection requires: 55 GeV < mpay S 63 GeV Future: CTA should probe m pas up to 5TeV
GAMBIT collaboration 18 or mpy 2 800 GeV

Dwarf galaxies 7-ray flux requires: mpar 2, 50 GeV

—> shows how a model is getting very squeezed when it depends on only very few parameters



SU(2)r, multiplet DM: should we have seen already it in
direct detection experiments if thermal????

other examples of models with very few parameters
C= Jet's take the examples above withY = 0to avoid ruled-out Z exchange
. e.g.a Y = 0 fermion triplet, quintuplet, ... “minimal dark matter”
C = have only gauge interactions with SM fields:

relic density totally fixed by value of mpyr => mpy ~ 3.0 TeV
| “ mpa =~ 11 TeV

._

=
4
w

-
& 8
E =
2, 107 E
3
©
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S 45 =4
% 10~ WIMP mass [GeV/c?]
=
o )
= \,U?Ulm" *
510_% i quintuplet

E
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=
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‘ 7fctrli p.|e.t. | |

llJl 1 1 1 L1l 1 1 l

lOl '102 1 1 L 1 [ LA | l103 104
2
WIMP mass [GeV/c~] from Hisano, Ishiwata, Nagata |5’
multi-TeV domain still very open for direct detection Mitridate, Redi, Smirnov, strumia | 7




SU(2) multiplet DM: should we have seen already it in
indirect detection experiments if thermal????
Q—% let's consider the SU(2), triplet DM example again: "wino”
. have only gauge interactions with SM fields:

relic density totally fixed by value of mp s

Qpnr =~ 26% requires mpyr ~ 3.0 TeV too high for LHC

Hisano et al. 03-09
Indirect detection very efficient herell —»production of 7-line is Sommerfeld enhanced

c(DMDM — ~vv) Baumgart, Cohen, +7 people 18

: —— :
Mock NLL H.E.S.S. Limits

10-25 | Einasto Profile
~— Prediction
Limit

[em®/s]

«— HESS upper limit

10726 L

Thermal Wino

<UU> line

10—27 !
we should have seen a signal

or isothermal profile!

0.5 1.0 30 5.0 100 200 TNV D M (TeV)
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The M SSM neutralino, example of DM candidate within a more

global model with lots of indirect constraints
the lightest neutralino is in general a mixture of Bino, Higgsinos and Wino
if it is the lightest Susy particle (LSP): DM candidate

the direct constraints on the neutralino are mild: m,, as light as ~few tens of GeV still allowed

the partners and interactions entering in its annihilation are nevertheless constrained

® a pure bino neutralino:

X u,d,l
C__+ annihilation through squarks and leptons:
but Qpy = 26% requires squarks and sleptons lighter than allowed experimentally a,d, 1
C o m; <100 GeV X
u,d,l
need for other channels having larger annihilation cross section: my g2 1TeV

co-annihilation channels or channels close to a resonance
for instance if slepton not more than ~10% heavier than Bino it is still around in

thermal bath when Bino is about to decouple =» co-annihilation dominates the Bino decoupling

X SM

Nz

SM



The MSSM neutralino

® 2 pure Wino neutralino:

was not much considered as
attractive because sets the Susy
scale quite high

C_~ annihilation through gauge interactions: mpyr ~ 3.0 TeV

- excluded byV-line search
or isothermal profile!

® a pure Higssino neutralino:

C__+ annihilation through gauge interactions are too fast unless it is heavy (asWino) mpy ~ 1 TeV

was not much considered as
attractive because sets the Susy
can escape Z exchange direct detection constraint scale quite high and not obtained as
despite it hasY # 0 because the Z couples to 2 different LSP in many Susy breaking framework
neutral Higgsino component which can have mass splitting
forbidding kinematically the Z exchange

Higgs boson mass measured at LHC requires

__ s "inert scalar doublet DM “ above typllcally a Iarge stop mass Ivvhllch mdlrectlyl
typically requires a large Higgsino mass which fits
with the mass a Higgsino must have if DM

® 2 mixed neutralino:

C o offers more possibility playing around (as "well-tempered neutralino”)



The MSSM neutralino

pMSSM (19 parameters)
Z/h resonance ~ pure Higgsino
Bino co-annihilation with sleptons, ...
~well-tempered ~ pur¢ Wino: gauge interact. driven
10° . i ‘ 10° . '
s Bino e Wino e Higgsiho
Bino-Higgsino e Bino-Wino Wlno-rliggsino 10° 4
Mixed i + v 107
. -, 10°
Sl %3 : 3 Al | : : _
10 10° - B = T
.'._ 10_10 ------ i . -
RSO P
c:ﬁ "%' ﬁ.- ° 12
G b o:‘.- 7] 107
107F .‘: . ] EE 10-13
: 101 it
) 1035 || = XENON100 (2011) | |
Lo || — XENONI100 (2012) |
107 ] || — wx(o13)
10771 - - XENONIT (2017) 1
10" F| -~ LZ (1000 days) .
- I -19 I I
v 102 100 10 102 10°
Tn»io (GEV) RIZZO I4, ceee In[iill ) {:GEV)

<~—-x> relic density point out a neutralino below _
~3TeV (ie.gauge driven, ..)
but could be higher

already partly probed by direct detection

still many possibilities to get the relic density in itself but need typically mass similarities, resonances, cancellations, .. ..

moreover if one adds some naturalness considerations into the game, not much is left

mg 2 1TeV my 52 1TeV
Low scale susy probably does not exists but DM still does!!! ’



Hidden sector DM

=" Standard Model >~
SU(B)C X SU(Q)L X U(l)y
Lv,g, v, W, Z, g,

Hidden sector

portal

Testability all depends on size and mass of portal and on whether DM communicates directly
to visible sector through portal

example: Higgs portal: £33 ~An¢hyépmHIH or L3 —N\,¢'oHTH

T

see real scalar singlet DM and Higgs portal direct detection above

in both cases invisible Higgs decay width constraints if HS particles light enough

Br(h = ¢pmdpm, ¢¢) < 20%

for massive connector the upper bounds on connector coupling typically are typically of order ~ 1 — 1072

for light connector the bounds can be much more stringent!



Hidden sector DM: direct detection is already testing the freezein regime
for light mediator
Let's consider again the hidden electron/photon QE D" model above:

Coe—=o

- Hidden sector

~ Standard Model\i

“3_ SU(S)C X SU(Z)L X U(l)y T \ U(l)X
N /A
| ‘-\ﬁv « ‘,/ ’ " portal ~_0C
kmetl% mSI/XIn% “hidden electron” \ “hidden photon”
DM DM L3 _ZFMVFX gauge boson of U(1) x
= XENONI1T 2018 --- PANDAXII
7 . - XENON.1T4y ==+ LZ (1000 days)
\/E ’}/ 1 1 \\\ T.H., Tytgat,Vandecasteele,Vanderheyden |8
EX  — — = — ‘
gl ¢¢  EZ
E, ~ few KeV
N N do 1 1 27k%27%a° -”" Freeze-in
2
a5, B2’ ma Fi(qra)
huge enhancement
i} Chu,TH.,.Tytgat I
direct detection sensitive to
very small connector values 10! 102 10°

m,y (GeV)



Phenomenology trends....

Ik is brue that some thermal wmodels become bto be very squeezed experimentally

or even excluded:

- all models which allow a (standard) kinematically allowed Z exchange
in direct detection process (except pure axial case), h exchange begins to be

seriously probed bj direct detection experiments

- fermion thermal candidates which have only gauge interactions: triplet (Wino),
quintuplet pure electroweak multi-TeV models: excluded b-j indirect detection: V-lines
(except for isothermal DM halo profile)

unlike scalar multiplets: more freedom due to Passibte scalar quartic couplings, mass splittings,....

- models with very few parameters: example: real scalar singlet (except ot h resonance
and at high mass)

- very global models with many constraints on partner particles entering the DM
annihilabion , direct detection, ..., processes: example: MSSM: heeds mass

similarities (co-annihilation), resonances, cancellaktions, ...



Phenomenology trends.. ..

but as soon as we go away from these global models (not much favored any-
more by LHC data), ..., and away from very minimal visible models, thermal
candidates (and beyond) are still largely allowed:

- many visible sector DM models
DM is the tip of an

L . ' -
hiddewn seckor wmodels: new krend! <« all hidden seckor world!

. with clear possibiti&ies of signatures:

- new generation of direct detection experiments: - at high mass
- at low masses (new!)

with even possibilities to test the freezein scenario

- new generation of indirect detection (CTA, ...), especially for still quite open

mulki-TeV range, including from still unexplored high energy neutrinos, ...,
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