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Evidences of Dark Matter (DM)

Observed

: 2
Peoge % mv(r)  GM(r)m
r r?

Expected

from Within visible galaxg cluster:

luminous disk 4

M= gm“gp
10 R(kpc) v(r) ~r

M33 Rotation Curve

Begoncl visible galaxg cluster:

Non-luminous M(r) =M
' Dark Matter U(T) x 74—1/2



Dark Matter in Bullet Cluster
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| uminous matter seen
is shown bg the Pink

region in middle

ypDtamed by

gravitational iensing

1 As if some non-luminous

matter has Passecl bg

collision less !
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Anisotropies in Cosmic Microwave backgrouncl radiation (CMBR)

gields a very precise measure of dark matter present in the universe.

Evidence of DM from Cosmology

CMBR: Radiation left 380,000 years before. After chlrogen
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e CMBRgielc‘s Dar;k'l‘\/‘\atter clensitg ‘
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f

= / / WMAP and
| Relic Cl@ﬂfi'tyt 0.1133 < Qh% < 0.1189 PLANCK data
‘ at 67% CL
| / ; H2
‘Cosmological density 0 = 2 _ 3 ()t =l
| S ¢ oo Pe = o > Altot

' Reduced Hubble constant B /= H/l()()

In units of km s !Mpc
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What does this mean 7
The clensitg of dark matteris very Preciselg measured and it

s constant in co~moving volume of the universe: DM Stable !

An9 Dark Matter candidate must yieH correct relic

densitg as mentioned
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What kind of Part!cles are DM?
 Something that we know.. ; ;
> 5 Somethmg that we still
EM charge neutral: Dark ClOﬂ't |<ﬂOW
Stable : don’t clecag B
Massive: gravitational ,
A o ‘/Scalars‘,/germlons, vector
, bosons 7
Weaklg lnteractmg : :
S Partic|e~ WIMP o Smgle coml:)onent or mult
comPonent 2 ;
l:eeblg lnteracting l
Massive Particle: FIMP i MaSSJ COUP ’”55~ -
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Stronglg lnteracting

WIMPs are the most Popular candidates =
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massive Particle: SIMP
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* What does WIMP do ?
|

A DM is assumed to be in equilibrium with hot sOUp of SM
tiirough interaction (2 <->2 Primarily}
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Earig universe: hot and dense, interaction rate

Prevaiieci over the expansion for evergthing to stag intact

As universe expancis and cools ciown, WIMPs

| ciecouple from thermal sOup: freeze-out

When rate of interaction

falls short of expansion

\- B R Tengr

If those ciecoupieci are stable, their ciensitg is relic ciensitg
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ThermalFrosze.-out OF WIS

" The number &ensitg of DM evolution is described bﬂ Boltzmann E‘quatin
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BeTherma) frecze out of WIMPS
_> di—): - <%§17}f;§|“|> C Y2 - (Yag)?

Scaling out the efHect of expansion bg Iooking at the number of Particles

- TL'Q.." [ } T?,
Y = — T

s T

per coming volume.

- Recast the BEQ in terms of I' = n™%(ov). Yeg de H |\ Ygq
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= Can we cletect DM R e

Qur galaxg is immersed in a WIMP halo
WIMPs in the halo has a velocitg distribution

Elastic scattering of DM with detector
Nuclear recoil should be observed if such

events cletected
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J
:
i
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» g = momentum transfer

» My = target nucleus mass
| ‘ » 1 = reduced mass
Cne’gﬂi ' » v = mean WIMP-velocity on respect to the target
» ) = scattering angle in the center of mass

Recoil
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min v

spectrum:

sl:)in~indel:>enclent sl:)in~clepencient

cross~-section cross~-section
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;DM can also be Proclucecl at Collider (LHC)

| o/ X
| —

pi Misibling

———

LHC can produce heavier
particles beyond the SM that
decay to WIMP pairs and SM
particles

Multilel:)ton /jet sighatures
fore.g.: SUSY

LHC can directly produce
WIMP pairs

Mono-X signatures

. LHC cannot produce WIMPs

Tim Tait

Slide adapted from Tim Tait talk at Moriond !
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Mono~X SIgnatures at LHC A generlc Possnb ||tg

¢ Mono-photon g Mono-jet
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What 1S Mlssmg Energg

, . Dark matter

a5 Mlssmgtransverse
', — 2 2
f Ef \/ (Pzg + Do) + (Pya + Py.) o B

| 5 \/ pa:c pyc A (PT)UiS
The co”:510n OCCuUrs along Vi clirection.

Px. _I_p:cd _I_pxe — Uliay Pxy4 _|_pxe ==l
s Py. +Pys + Py. =0 = Py, + Dy, = —Dy.

E%“: (pT)mz’s — _(pT)m’sa pT vis — \/ Zpa? (Zpy)Q
€,J

Hence, unless we have some visible Particles to recoll

Sedad

against, missing energy makes no sense.
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CMS MOHOJC’E/ Mono~\/ search results

23" (13 TeV)
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Possible DM (WIMP) candidates

Renormalisable interactions :

Opm <2 — Osy: H'H, B,
Lov—sm ~ HTH?

¢ is a DM |

o~

direct detection

thermal freeze-out (early Univ.) |
indirect detection (now)

DM %sw |
| :
DM SM |}
—

|

Yoy

S ——

-

P pr—

production at colliders

Provicled no em charge —> simplest Possibilitg 2o

0 ensure the stabilitg of DM, I do not want a single DM in

vertex, and hence one has to imPose at least a Zo sgmmetrg ;
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5 A scalar singlet ¢ with Z5 symmetry and Hypercharge Y = 0.

.

Scalar Potential

| .
V(H,¢) = —pyH'H +Ag(H'H)” + 5#%4)2 +

|

1
4!

1
A" - gle’f Ho?

T

DM mass is achieved bg spontaneous 59mmetr9 breaking

] 712
: ’UL?D —_ ui I /\12L

Two Parameters to rel:)resent the clar|< sector:

{mw A1}
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Resonance clrop
at 62.5 GeV

- LUX 20186
— PANDA 2017




Excepti ng for
resonance, e
out to a sumcﬁcientlg

l"lCEﬂV\lj mass

. o (n)O‘H 2 ) _Hoz
4-?”235 = Qe e e T N

u,d,s q=eitsh
n 2 n n n
110) + ST + 17y + 12

|+ 0.1133<Qpyh?<0.1189]

LUX 2018 _
—— XENON-1T 2017 | |
e PANDA 2017
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i Slmplest multlcomponent DM: O( )

MangSmgletscalars ¢ {1, o, .. ¢n} Zo ¢% ¢

j V(H,$) = —p%,H'H + Ay (HYH)? + u PEl Al the DMs
{ - have same mass
|

+@>\5(¢2)2 - §>\1HTH¢2

(

e No effective DM-DM Interactions !

=
Severe direct search |
\‘ G NQZ constraints

’ 0.50 -43: i 0.1133 < Qpy i
N=1 LUX 2016
: A — XENON-1T 2017
; 0.20- — =441 13 - N=2y | . PANDA 2017
3! S & $
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0.10- 2
. L (/2]
: I S
| S IR )
> 0.05- ] o
: I o
3 -
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0.01—= 200 400 600 800 1000 0 200 400 600 800 1000

T e Pt g T I e Sy Yy W I G W

- Tty TN T

",‘-—7-’-,-?7—1 —r.




™

[ DualDMin 2; x 2,

Zoid1 = —P1; Zo iy — —dbo

i

| L ! 1 1 1 1 1 |

iLDM - Q(aﬂ¢1)2 < 5(8,@2)2 5 5#?& = 5#%% = ZA3¢%¢§ = Z)\&béf = Z)\ﬂbg §
1 1 |

i. S §>\1¢%HTH = §A2¢§HTH

|

|

Non-zero DM-DM interactions !

Non~clegenerate IDAVIEE

Couplecl Boltzmann Equations /1

: 2
Vi3 |
026405y 7 [0y ) (VE — YEOT) £ (g0 (V2 — —E ==l
$2 YEQ \

2
= ~0.264Mp1/g., L5 [(ovaz s} (Y5 — Y5O

A
DM-DM interactions _/_/ ;

(Assumed: my, > mg, )"
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20%< 2 - 50%
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« With Intcraction (A3=0.0)

»  Withou! Interaction

With Interaction (A3=t‘(l.ﬂ)
0 200 400 600 800
m¢‘ [G@V]

Much larger regjon of allowed Parameter space sPanning small
and large DM-SM coupling: (i)Unequal share of relic clensitg
(1) Annihilation of the heavier into the |ightcr.
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lerect search In clual DM Zz X Z
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-50| |- With lrlIer:u:li<)l|('-A3t(L())_ . : =50 i, s
0 200 400 600 800 1000 0 200 400 600 800 1000
my,[GeV ] m,, [GeV] { ‘
5 Relic clensity allowed points with small DM-SM £
: ) , , :
i couplmg allowed due to DM-DM interactions. ;
i
Direct detection of heavier component can be clelagecl begoncl

& XENONIT, as the freeze out can be dictated bg annihilation into |

llg}ﬁter comPoneﬂt




| Scalar DM with co-annihilation: 25

1 Two scalar singlet Particles

OClCl UﬂCle' same symmetrg:

Zo 1 P

\
/4

¢17 ¢2

\
/4

P2

’02

V(o1, 02, H)

e i i . il iy

,02

2

/|
—|—§)\1h§b%(HTH o

2

v 1

= L T 7) Sy S S e P

2 2

1 1 )
-I-)\e[zﬁb%b% A §¢:1)’¢2 + aﬁbﬁbg] 5

I
) + 5)\2h¢§(HTH vy

)
2,91 + =m3, ¢35 + m3 _d192

2

)\15
4]
U2

P

o1 +

JEE )\12h¢1¢2(HTH — v_)
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The Iightest is DM. The heavier cﬂecags (2 — d1FS) and
can co annihilate (P19 — SMSM)

dng, S ; : |
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'@ Minimal Z, model ] |— LUX 2016
® Co annihilation dominant --- XLENONTT
Annihilaton dominant —— XENONIT

» Mixed J |... DARWIN
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Co-annihilation contributes to relic c:lensitg but not to direct search

Co-annihilation can bring direct search cross-sections down signiﬁcantlg -_'
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Complex scalar field ¢4 transforming under Z3
=5 o2 S5k
R —> o T 5) +m3, ¢1d1 + o <¢3 +h.c) + As(¢11)?E

Vg1, H)

2 |
Semi-annihilation EIR0 R RGN} /\ +)‘1h(¢1¢1)(HTH_%) o

dt e <0U>¢1¢1_>SM (n¢1 e nqbq = <UU>¢1¢1—>¢1SM (nqh - anln ¢1)

— LUX 2016
-—— XENONIT
—- XENONNT

e UD= u[,’m¢l = 20\ Seml"

e 2.0 <<u/my =350

annihilation

e 5.0<u,/my =74

contributes to

; relic clensitg
~a6 i i ond brings the

L e f Coupling down

in the vicinitg of
Higgs mass
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,02 ,v2
~LDM-Higgs = —u%(H*H - —) + An(H*H — =) +m} ¢io1 + m3,d5¢2

Mediated semi-

annihilations




* [Relic density and Direct search constraints|
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| »1 and ¢o transforming under same Z3 :
' ’ —421 S ('o .\iinin'lal 7;3 Modc'l - ) — LUX 2016
: » Annhilalion dominant & Mixed .-- XENONIT Resonant
| b & e Semi-annthilation dominant --- XENONnNT
l , e - 44| @ Co—annihilation dominant | DARWIN 7 Semi~
annihilations
| IS an
additional
| feature
; |
200 400 600 800 1000 b
mg, [GeV]
i = l‘. |
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Direct search cross-section For one component can !:)e brought
down below XENONIT, while the other coml:)onent behaves

similar to a single component framework
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+DM-DM interaction

No Publishecl paper yet 1
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“Collider si gnatu re of Si ngle‘t ScalarDM
Signal cross-section can never rise over

| MOI’IOth + Missiﬂg E’:nergg * backgrouncl for relic+direct search allowed

Parameter space.
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What about scalar cloublet to become Dark matter

V =pi|H1|? + p5|Hs | + M| Ha|* + Xo|Ho|* + \s|Hq || H2
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Larger Annihilation

This model is also
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~ Singlet + Doublet Scalar DM

e ———— TR,

W i TN e gy, Yy W T . - - -

- A scalar singlet S and a complex doublet ® with hypercharge %
AL = DDA - mB0 B (9,8)° — 25— g(SBH + h.c.)

i AS oo . -' . —.. O : ) N 7ot o

.‘ —7”‘5'2H'H — M (HTH)( @) — Ay ((PTH)* + hee.) — M (@TH ) (H D).

f B Both are odd under Z|

| :
| After SPontaneous symmetry breakmg: X, =cos@8 +sinf ¢ |

Dominant annihilation channels are same

as doublet DM, but one can Plag with

MIXINg an ICS.
< gang =
. i
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X W X, W X, L 10
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5 Timothy Cohen, John Kearney, Aaron Pierce, David Tucker-Smith Phys.Rev. D85 (2012) 075003
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Simplcs Fermion Dark matter

A fermion singlet

Just one smglet can not Provde renormalisable DM-SM mteractlons

1l
LDM—SM ~ A (xxH"H)

We need a messenger for the DM to talk to SM

LOxxo+V(H,¢) Z2:¢— d,x— —X

V(H,¢)=—pmH'H + M\ (H'H)? — u5¢° + A¢® + Xad* + A2’ H' H

e The other scalar (Phi) acquires aVEV.
e Mixes with SM Higgs doublet.

o We therefore obtain two Phgsical scalars, One Higgs

(&ominantlg a doublet) : other BSM scalar (c:lominant|9 a singlet)

W ——
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The model lives in resonance and at high DM mass, thanks to the

second annihilation channel.
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What about doublet fermions Provicling DM 7?

e Tlﬁe neutral component omc the doublet stabilisecl 139 a sgmmetry can be a DM
. candidate !

( e The connection to SM is obvious and no need for additional Particles :

fOne doublet fermion will have gauge interactions to SM: N%JJD“Ni
?

! Too largc annihilation cross-section througlﬂ Z., W mediation

i

1

The DM is mostlg under abundant to a Iarge DM mass.

Direct search cross-section is also hugc—: l

f
»
)
|
f
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Fermion DM: Singlet—-«cloublet ;.

SM extended by N: doublet, x: singlet fermions

— Lvak O MyNN + M, x0%° + [YNEIXO +h.c. |

Both are odd under Zs

Mixing between doublet and singlet

Two neutral @OS HXO <L SiW’

physical ,
e s Ny = cos N — sin 6y

f: Mixing between
doublet and singlet

L — . - &

SB, Nirakar Sahoo, Narendra Sahu, Phys. Rev. D93(2016) no.1 |, 115040
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” Annihilatioh Chahnels

]\72 —_—

§ M f N1 if 1 h
Eyg et o T S
-_ 7 N 7 Na b AT

| ‘W —— n
- SB, Nirakar Sahoo, Narendra Sahu, Phys. Rev. D9

Ny—— - - - - Z
Y N2
No—t—Leeeenaes h

gauge interaction and

Y TV TRy~ W 5 TN g Wy, Wy T .

Yukawa interaction Plag

crucial Par’c

N{——-reeeees h Ni—P—--eeeeeey h N, h
YN, v N> >h.
et A e e e S h o =i 7

co-annihilations also occurs with N =

el

— ——

3(2016) no.11, 115040




Sin[6],=0.15

] sinf = 0.1
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Sin[6],=0.2

Sin[6],=0.1
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| Resonance "7 Gin ) — 0.3. |
rop due to Z

"
andH N

1C

(@l0lers =—5—o(N1N1) + 205220 (NiN2) (1 + A)Y 2eap(~z )
Gers Gess
+ 25;93 c(NiN )1 + A)* 2exp(—zA)
ef f

+ 29393 o(NaN7)(1 + A)exp(—2zA) + g";g’ o(NaN2)(1 4+ A)exp(—2zA)
eys ey s
+ 9393 L NTNY(1 + A)Pexp(—22A
ngfa( )(1+ A)’exp(—2z4).
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W Direct search of rermion D=

200 400 600 800 1000

e T e P T e N W ot i I et Wi Y
: } 4
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Direct search stronglg constrains the mixing of singlet _doublet

; components due to Z mediation.
5 | At very small mixing, annihilation is not enough ¥ Procluce
2 rigl’)t cross section. Therefore, the model heavi‘g clepencls on
1

co-annihilation which requires a small mass splitting.

T r—

- SB, Nirakar Sahoo, Narendra Sahu, Phys. Rev. D93(2016) no.1 1, | 15040
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Co” cler Prosl:)ec:ts at LHC

* Production of the charged lepton and their
decay at LHC:

* Two opposite sign leptons+Missing energy
° Jets+Missing energy

(/q

n/q

When the mass difference
between the charged lepton and
DM is small they can give rise to
displaced vertex signature
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l:ermlon triple

Triplet has lot of annihilation througln gauge
interaction and therefore the model onlg survives at

very high DM mass
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Fepton Saustyiaz
DM Re'ic Nerdny

One has to assume an adcl!tlonal scalar tﬂPlCt

who can mix tl’]C smglet ancl trlple’t Fermlons.
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Feoking 2N

Some issues that we didn’t illustrate:

Vector Boson Dark matter

Two Coml:)onent DM with scalar and fermion

The cases of FIMP and SIMP

Theoretical constraints like vacuum stabilitg

Dark matter efHective oPerators and simpliﬁed models

Connection between neutrino ancl dark matter sector
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An automated tool for DM studies \'\f -‘

e

micrOMEGASs : a tool for dark matter studies

G. BELANGER('), F. BounJEMA('), A. PukHov(?), A. SEMENOV(?)

(') LAPTH, U. de Savoie, CNRS, B.P.110, F-74941 Annecy-le-Vieuz, France
(2) Skobeltsyn Inst. of Nuclear Physics, Moscow State Univ., Moscow 119992, Russia
(*) Joint Inst. of Nuclear Research (JINR) 141980, Dubna, Russia

Summary. micrOMEGAs is a tool for cold dark matter (DM) studies in generic
extensions of the standard model with a R-parity like discrete symmetry that guar-
antees the stability of the lightest odd particle. The code computes the DM relic
density, the elastic scattering cross sections of DM on nuclei relevant for direct
detection, and the spectra of ¢™, p,~ originating from DM annihilation including
porpagation of charged cosmic rays. The cross sections and decay properties of new
particles relevant for collider studies are included as well as constraints from the
flavour sector on the parameter space of supersymmetric models.

PACS 12.60,95.35.+4d

One can calculate relic clensitg, direct search and indirect search cross-sections using
MicrOMEGASs
One can insert models through LanHEP .

Collider cross-sections can also be evaluated using CacheP~Pgthia interface or One

needs to implement the model in F‘egnrules for a full Madgral:)h analgsis.




