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EVIDENCES ON DARK MA]TER
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Dark Matter evidences come from very ditferent observational
techniques, from different scales and times of the Universe
gvolution
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FUDENCES N DIRKATER

e Splrul Guluxms Rotutlon Curves o

~since the seventies of the XXth cenfury
by using visible and radio wavelengths
~ observations from stars and dust cIouds 5,

N redshlﬁ meusurements s



FUDENCES N DIRKATER

Gnluxy Clus’rers matter conten’r Iurger ’rhun s
-~ expecied from Iummosny i

~since the thirties of XXth century by usmg V|"0| s
~ theorem and velocity dispersions mesurements
~ More recently by gravitational lensing effect—

'-reconstructlon of mater proﬁle e



FUDENCES N DIRKATER

- Clus’rers dynumlcs BULLET CLUSTER
~ from 2006 |
by combining mformu’non from optlcul Xruy und muﬂer

. St recon_s_’r_rucfnon_by grovitational lensing effect _' e
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Lurge Scule S’rruc’rure p B
Dlstnbutlon of guluxms (not onIy posmon but properhes)

Cosmlc Mlcrowuve Buckground Rudlu’non Amsotroples |
Plcture of ’rhe eurIy Unlverse (phoion buryon ﬂUId) @ recomblnunon


http://www.astronomy.ohio-state.edu/%7Edhw/SDSS08/sdss_pie.jpg

CEVDENGESONDARKMATER ~~ PRECSION
. (OSMoLoGY
~ PLANCK Colloboraion resuts L

~ Temperature and polarization
— unlsoiroples |n CMBR und more

L _'Fl’r’nng purumeters in ACDM model .
s .._'-_dlfﬁcul’r fo i improve preasmn S
further S

Cosmlc Mlcrowuve Buckground Rudlu’non Amsotroples Py
Plcture of ’rhe eurIy Umverse (phoion buryon ﬂUId) @ recomblnunon



CEVDENCESONDARKMATIR ~~ PReSiN

Lurge Scule S’rruc’rure | B
Dlstnbutlon of guluxms (not onIy posmon but propertles)

Recen’r resul’rs from KIDS DES yr3 und eBOSS o | S
Lurge efforts on massive surveys wil heIp fo unders’rﬂnd |nflut|on neu’rnno musses nuture of durk muﬁer e’rc

L Verde @ TAUP2021 ”AII detectuble guluxms W|II be mupped by ~2061 "
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EVIDENCES ON DARK MA]TER

ACDM cosmologyhusbéén|mpresswely successful explulnlng uII ’rhe observu’rlons o, L

-

-
- —

T = —

R (kpc)

. -Some cpnfllc’r be’rwe_‘ ho ! e N
= j_uI’rern(r ive theones eﬁf“:;;__u\iiw huve dlfflcult to explmn 50 muny thlngs as ACDM model explulns .

; '-osullu’nons |" the buryon dls«tr’B/ o
‘ _-dwurfs guluxms wﬂhout durk matter ﬂnd dwurfs gulux1es domlnuted by durk mutter

- efde TAU 201 ”"‘”nce, ﬂil CD sl ™
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QUANTIFYING THE DARK MATTER CONTENT

In ACDM cosmology frome ’rhe Unlverse reope is s’r||| composed of

S N L _-There s N0 unomblguousproofof’rhe portlcle no’rure
A e R N i S - Verylooseboundson mass and properfies
AND ABOUT THE DARK MATTER NATURE?  Other options: MACROSCOPIC DM (primordial black
i R e ~ holes, ’ropologlcol ond non ’ropologlcol solltons DM
e '.;cIumps efc.) . - T



HOWCODISTHEDARK TR

| But smaII scale controverS|es
” mtroduced WDI\/I -

Y We1nberg+14 . ;'

e ~Too big tofail p-roblemf-__'-'-
- Mlssmg satellites problem - -

Buryomc Phy5|cs could solve the queshon but ulso DM Phy5|cs Amphmde g poweC"Smee pobem

I spectrum foo ow



| ;HOW COLD IS THE DARK MA]TER

-' But recen’r IGM (In’rerguluc’nc Medlum) du’ru (Lymunﬂlphu forest) prowde nght constrmn’rs on g
 other ’rhun CDM cundldutes el . . i

thermGIWDM L T e e
seionotings -~ - Mosesobletosoehe smaoksok
uItrullghT boson DM -~ «isisof ACDM “are ot odds" with
R -p_.;',.-_'.Lyafores’rdutu pomnng utucold |
~ cosmicweb

Ty (M V|eI @TAUPZOZ])




| ;PARTICLE DARK MA]TER CANDIDATES

Mony DM condrdores are on scene

_Coverrng muny orders of mognrtude in muss und cross sec’rron_ By

__Afew -generrc-.prOper’rres:__ P

 emassive |
~ enonbaryonic
- e neutral (or mrIIr-chorged)
o stable (or very long lived)
» non relafivistic when structures formed coId/worm
~« only gravitationally interacting or very weokIy rnierocrrng
'_ (non necessorrly EW nature — new couplrngs) |

Beyond the Stondord Model of Pon‘rcle Physrcs

. s 'Credi.t:Artwork_ by 'Sand-box Studio, Chicago with Corinne Mucha -_



;PARTICLE DARK MA]TER CANDIDATES

Muny DM cundrdures are on scene

__Coverrng muny orders of mugnrrude in muss und cross sec’rron B

| _Muny frumeworks beyond SM conrurn vruble DM cundrdures
complere rheorres / ud hoc ex’rensrons / -

E _' - 'Credi_t:Artwork_ 0)Y _Sand-box Studio, Chicago with Corinne Mucha -_ .



PARTICLE DARK MATTER CANDIDATES Sl

Credit:Artwork by'Sanc_i_bdxS_t-udio,-Chi(:ag_o. g aEw LS




| ;PARTICLE DARK MATTER CANDIDATES Thermul WIMPs
'_ Thermul WIMPs are weII mo’nvuted CDM cundldu’res

WIMP MIRACLE: ussumlng ’rhermul produc’non eIec’rroweuk scule cross-sectlons for ST

0 GeV parficle produce the cortect relic density

~WIMP detection can be enwsuged > Dlrec’r und Indlrect Detectlon Approuches und T

3 produc’non af colliders _
Eusy to flnd |n SM extensmns s SUSY KK etc

102eV peV neV peV meV ev keV  MeV GeV TeV

eneral thermal WIMP

1 Credit: APPEC Report on Direct Detection (2021)

N



;PARTICLE DARK MA]TER CANDIDATES Thermul WIMPS
Thermul WIMPs ure weII mo’nvuted CDM cundldu’res

_WIMP MIRACLE: assuming ’rhermul production, eIec’rroweuk scule cross-sectlons for : s
0 GeV particle produce the cortect relic density w

~ WIMP detection can be enwsuged > Dlrec’r und Indlrect Detectlon Approuches und

3 produc’non at colliders - e
Recen’r chunge of purudlgm

Eusy to flnd |n SM extensmns s SUSY KK etc e . | Beyond s’rundurd Thermul WIMPs S

2 -Conservohon oprunTy |mpI|es that the - |
- Lightest Supersymmetric Particle (LSP) s
- sfable >DMII TR L

|  The ||ghTesT KK purhcle (LKP) is sTubIe ond
~ connot decay info standard model purt_lcles ;-_
- > Convenient DM condidate!! -~

" Credit:Artwork by_SandiboxStudio, Chicago - |



PARTICLE DARK MATTER CANDIDATES uccordmg Ihe DM Gene5|s

A eurly N Unlverse evolu’non for T>>mDM

o NN ~1 > Thermal Equiibrium because of S|zeub|e DM m’reruc’non rafes with SM pur’ncles und o
oot freeze-ou’r u: ngh’r relic densﬂyfor weak scale Thermul WIMPs

e I,M/N <<T > Very smuII DM m’reruc’non Tates, never in eqU|||br|um produced by decuy of puren’r
B __WIMPs or thermal leakage of other fields: gravitinos, sterile neutrinos, etc. ~ SuperWIMPs

. DM/N >>T >Boson|c DM very Ilgh’r ulmos’r nor- m’reruc’nng uxmns und other Ilgh’r scalor fields
| S | " Super{old DM

d  APPEC Report (2021) e moas——) B Tt I



| ;PARTICLE DARK MA]TER CANDIDATES AX|ons ond ALPs

Axions ond ALPs are oIso very robust DM condldoies

AX|on would solve The strong (P problem CP s not woloTed by sTrong m’rerochons Whlle The QCD Iogronglon does '_

| _Is the GoldsTone boson ossoooTed To 0 globol U( )symm‘e_iry spontaneously broken
S Pseudoscolor | | R R
~Very light

‘-'Neutrol |

Axmns ond ALPS are genenc DM condldotes ond compotlble wﬂh
-_SUSY GUTs ond S’rnng Theones REE . |

Cred_it:j.'Re_dondo_@TAL_JPZOZI R



ARTCLEDARKATER CANDIDATES: s nd APs

o himSewdhesTk
BETTE UM '-(ThUr_sdqy). R T



PARTICLE DARK MA]TER CANDIDATES OIhers. e

| _‘Stenle neutnnos

= STenIe neutnnos (N|) are noTuruI |ngred|en1 of the most populur mechumsm o generute neutnno masses The
- seesaw mechumsm o : . o |

o -STenIe neumnos are neuTruI IepTons th no ordlnary Weak mTeruchons except Those mduced by mlxmg WITh achve neuTrlnos e

= '_.BUT -coul'd 'have mtemc.nons _mvolvmg _new phys'|c's N



PARTICLE DARK MATTER CANDIDATES: Others. . (R

©_ CreditY:Hochberg @ TAUP2021- -



STRATEGIES FOR UNRAVELLING THE NATURE OF DARK MATTER

_Wlthout ussump’nons on ’rhe couplmg between DM und SM purtlcles | | o,

o Seurchlng for new purtlcles at uccelerutors A

Indlrec’r de’rectlon of the products comlng from DM
unmhllunon or decuy T

-. --'-D'irecfde’redion*of ihegdludic'dmk muttet'-' ikt

COMPLEMENTARY RESULTS FROM THE THREE APPROACHES SHOULD BE COMBINED
~ STRONG MODEL- DEPENDENCIES :

BUT Sl



| STRATEGIES FOR UNRAVELLING THE NATURE OF DARK MA]TER

_Wlthout ussump’nons on ’rhe couplmg between DM und SM purtlcles | | o,

o Seurchlng for new purtlcles u’r uccelerutors AT T decouple unknown und uncertmn’nes n

B DM seurches is mundutory

Indlrec’r de’rectlon of the products comlng from DM

Mul’nmessenger upprouch
unnlhllunon or decuy S
| T Mul’n’rurge’r und muln ’rechnlque .
-. ---Direc’r de’rection'of thegulucﬁc dark muﬂer'-' | S

 COMPLENENTARY — RESULTS FROM THE THREE APPROACHES SHOULD BE COMBINED BUT
| STRONG MODELDEPENDENCES @



INDIRECT DETECTION OF DARK MATTER



INDIRECT DETECTION OF DARK MA]TER

Whutcun DM do SEET

L rouore@muro [




INDIRECT DETECTION OF DARK MA]TER

Whutcunweobserve e

lF cuote@iuror [

e Gravnahonﬂl
E '*',_; VVuves |

o 'F_J'LT'ﬂuveMng
B _}_:‘{"rnessengers

N _Cosm'i'c_SurVeys" -



cosuuc SURVEYS

" Con defc/consin PRINORDIAL BLACK HOLES i micte- Iensmg W

(1 other DM substructures)

F CAORE@TAUP2071 [

S i
- Vera Rubin Obsr. =~~~



 GRAVITATIONAL WAVES ST

* Coulnfom onPBH, whichvoud prodcestocesic W bockgownd.

DM could be accreted on black holes and neutron stars inducing some specfic 6W signatures

DM coudfom ootc compact b ht ool it G i mgrs

F CALORE@TAUP207] [



SIGNALS FROM DM ANNIHILATIONS / DECAY

leferent chunnels to be conS|dered / leferent detectlon s’rru’regy

Relevun’r dependences on the Pur’ncle PhyS|cs Model

l l

i  Differetial gommeray fux Pde“CGd by DM g
: _'--.'_'___Promptemlssmn SR

und on the DM 'dlstnbu’non .

s also p05|b|e secondary rudmnve emlssmn >|nverse T
'compTon scuﬂerlng or synchrotron . |

 CUORE @ TAUP2071 | e 33




SIGNALS FROM DM ANNIHILATIONS / DECAY

leferent chunnels to be conS|dered / leferent detectlon s’rru’regy

Bt ulso muny other us’rrophysmul i
buckgrounds to be ’ruken m’ro conS|deruhon T

RRR | ANDENBROUCKE @ TAUP2071 [N
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- Ferml-LAT

' operuhon smce 2008

j . Detechng gammas from 20 N\eV To 300 GeV |

F|e|d of view ubouT 20% of The sky

_ _Every 3 ho_urs scans_thewhd . sky__! L



Gomma ray defection on sufoce



3 _'HAWC
I operuhon smce 2013

j .Array of Water Cherenkov detectors @ Pueblu
.____-N\eX|co (4100 m) S |

Energles from 300 GeV o 100 TeV

- F|e|d of view ubout 15% of the sky



WESS. | mec | vems

.In operation since 2003 (phuse 1) |ﬂ ODGTGTIOH since 2004 (1 st | In operehon since 2007 |
- 2012 (phuse 2) e Telescope) 2009 (2nd Telescope) - R EEL
| S b | Amay of four Cherenkov 3
: 'Arrey of flve Cherenkov Telescopes _Two 17m Cherenkov Telescopes @ Telescopes @ Arlzona US el
@ Nam|b|a (1800 m) R La Palma Spmn (2200 m) " _' e (1300m) g

) Energleg from 30 GeV 10 ]00 TeV Energles from 50 GeV to 50 TeV -_-Energles from 100 GeV To 30 TeV'_"

. F,eld_'OfV'eW”* £, of T_he'sky_ B F|eld ofvi V|ew 3 5% of The sky : F|e|d of v_|ew ~ 35% of Tfhe.ﬂsky :



'COMBINED ANALYSIS for dSph
‘ -D Kerszberg @ TAUPZOZ]

! Neg||g|b|e ustrophysmul gamma buckground .
- Lorge data sets ovailable / comblned I|ke||hood
. und systemuhcs unu|y5|s |



FGoe@MUP2021

| Some Iongsmnding excesses are not yet résolved .
DM interpretation is chollenged by ustrophysmul e

R ulTernunves

:'.Grem‘ Pfogress uT mulnple

- wavelengths/messengers will prowde OPPOrTunny i

- for dlscovery




(T CHERENKOV TELESCOPE ARRAY

o0 0oz [



CTh: CHERENKOV TEESCOPEARRAY

~ LST-1 TELESCOPE FINISHING COMMISSIONING @ Lo Pomo

©Firstresuls, already competitive for specfic 'phyéits wses

ey WIII'-_(:)_uper_for'm' ull.éxisﬂng-IACTurruys_

AMORED @TAUP2071



CHARGED PARTICLES SEARCHES

| _' S’r||| many Uncermlnhes on sources of cosmlc ruys

. ond propogonon g

-STroneg dependent on modelllng of backgrounds =
- o extroct mformahon from DN\ unn|h||(1hon I |

 Instumens Space e

O msners
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e a4 ik



AMS 02 a TeV precrsron mugnetrc spectrometer @ ISS B

POSTRONEXCESS
~First hints by HEAT and AMS 1

~ Confimed by PAMELA from 10-100 GeV. & Fermr up to 200 GeV _
AMS-02 confirms @ hurdenrng of the posrtron spectrum und steep descent thut couId be reIuted to u cutoff from !

.'DM unnrhrlutron e

N\.Aguiluretul., PhysicReports894(202])t | L - = T EE T 46



AMS 02 a TeV preqsmn mugnenc spectrometer @ ISS B

POSITRON EXCESS Rt
Combmed eIec’rron und posnron fox

M. Aguilar et dl., Physic Reports 894 (202 1)1



 POSTRONEXCESS SR
No extra-confributions are VISIb|e in un’nprotons
N (too muny uncer’rulntles) |

N\. Aguilur etal,, Physic Reports 8§94 (202 1)1

AMS 02 a TeV preC|5|on mugnenc spectrometer @ ISS B



. AMS 02 a TeV preC|5|on mugnetlc spectrometer @ ISS
POSTRONEXCESS

- CONSTANT RATIO BETWEEN POSITRONS . AMS Data
- ANDANTIPROTONS [
~ Interestingpuzzle ©
(V Formu’ro@TAUPZOZ]) E

Op/Pg = 2.00 * 0.035(stat.) = 0.06(syst.)

Energy [GeV]

M. Aguilar et dl., Physic Reports 894 (202 1)1



AMS 02 a TeV precrsron mognerrc spectrometer @ ISS

DN\ Inrerprerohon of 1he posrrron excess is drﬁrculr ro morch wrrh models

Sl osrrop'hy_sicol-:explonoriOn_ s po_s'sib'le_ =

g panicca and others @ TAUP2021 RS

Tk Enormous mformorron on sources,
~ acceleration and propogorron processes erI i
- be provrded in nexr yeors T

Lo 'Requrred to improve mTerpre’rohon ofo
i _'_Tpossrble DN\srgnoI e e



DAMPE

5, DAN\PE RECENT RESULTS on protons und hehum showu bump >new feuture '

- -could be an |nd|V|duu| source

o -'-could be 0 new populuhon of CRs

o F Fomat @ TAUP2021)
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NEUTRINO SEARCHES

Neu’rrlnos are very mTeresTlng to understend CR Sources chureder (neutrlnos pomT to hedronlc ongln) :'

Sky S very dn‘ferent in eech messenger but energy densny S 5|m||arfor uII > Deep connec’non £ e

( Vandenbroucke @ TAUP2021)



NEUTRINO SEARCHES o

(Under N\ednerrnnenn Sea) )

Lnrge Cherenkov detectors Under ice or under wnrer

'- J. Vnndenbroucke@TAPZO] e

7 Credir:

ICECUBE (Souih Pole)

. Vdndenbrouce @ TAUPO] :



: _NEUTRINO SEARCHES

g Neumno ﬂux s |soTrop|c

= _VHE'neUTrinOS deﬂrly.i'de'.niiﬁed_._ S
- E>60TeV(uptoPeV)

N PRo104 2021 022002 | B

8 1. Vandenbroucke @ TA P201 _



E NEUTRlNO SEARCHES B

Large potenhul of mulhmessenger _' =

- astronomy

~ Shown by observunoh of bluzar TXS .

L 0506+056

o5 2
+Gummu seurches
_' +CRs i

e &_other surprises

N | Vondenbroucke @ TAUP2021 | SN

s
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