DARK MATTER
STATUS AND PERSPECTIVES

NICOLAO FORNENGO

Department of Physics (Theory Division) — University of Torino
and Istituto Nazionale di Fisica Nucleare (INFN) — Torino

Italy
UNIVERSITA' fornengo@to.infn.it /)
DEGLI STUDI nicolao.fornengo@unito.it Torin

DI TORINO

www.to.infn.it/~fornengo
www.astroparticle.to.infn.it L/

ALMA UNIVERSITAS
TAURINENSIS

Giornate di studio sul Piano Triennale INFN
Centro “Le Ciminiere”, Catania — 3.12.2015



o The presence of DM is suPPortocJ bﬂ coPious and consistent
astrophgsical and cosmological Probos

— Horizon-scale: average DM densitg about 6 times bargon oionsitg
— Smaller scales: DM distribution is quite anisotropic and hierarchical

ClUStCFS — gBIBXiCS — subhaios

e Observations are consistent with a theoretical uncJorstanchng

of cosmic structure formation through gravitational instabiiitg,
based on the LCDM model

Although:
- Some issues under discussion on very small scales

- Role of bargons N galaxg tormationjust started to be in\/ostigatoci



Dark Matter

e DM evidence is Purelg gravitational

- Galaxg clusters dgnamics
— Rotational curves of spiral galaxies
— Gravitational Iensing

- Hgdroclgnamical equilibrium of hot gas in galaxg clusters
- Energg udget oft e Universe
- The same theorg o1C structure Formation

e This evidence can be ascribed either to:

i.  Modification of the theorg of Gravity (attempts) but difficult to explain all
observations)

i, Elementar9 Particle, relic from the ear19 Universe

- Noviable candidate in the SM: New Phgsics BSM

- However, to demonstrate that DM is a new Particle, a non~gravita’cional
signal (clue toit’s Particle Phgsics nature)is needed
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° As’crophgsical signals

- Tests DM as Particle in its environment
— Signals are not Proclucecl uncler our own clirect control
- Complex backgrouncls

-~ Multimessenger, multiwavelengtlﬁ, multitechnique strategy

e Accelerator signals

— Produce New Phgsics states and ]‘nelp n shaping the unclerlging model
- Allows (hopeﬂj”g) to identi?g the Plﬁgsical Properties of the DM sector

— Controlled environment

One does not fit all ... Proﬁt of all oPPortunities



Where to look for ...

DM s Present In:

- Qur Galaxg

- smooth component

- subhalos

— Satellite galaxies (dwarfs)

- Galaxg clusters
- smooth comPonent

- individual galaxies

- galaxies subhalos

— «Cosmic web”




... and what

We havc: a largc number OF messengers at clisposal

xx — (..) — v, v, e,

X + Ne7) —x + N(e)

Cl’larged CR (e*, antip, antiD) [G]
[G,E]
[G,E]

Neutrinos

Photons

= Gamma~ra55
- Prompt Production
— IC from e* on ISRF and CMB

- X~rays
~ IC from et on ISRF and CMB

- Radio
- SHHCI’N"O 1Crom Clk on mag. ‘HCICl

Direct detection [L]

(Local [L] - Galactic [G] - Extragalactic [E])



Direct searches



Annual modulation: DAMA, 9.20 with 1.33 ton x yr, 15 cgcles

Model Independent Annual Modulation Result

DAMA/Nal + DAMA/LIBRA-phase1 Total exposure: 487526 kgxday = 1.33 tonxyr

Singlg-hii residuals rate vs time in 2-6 keV EPJC 56(2008)333, EPJC 67(2010)39, EPJC 73(2013)2648
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account for the measured modulation This result offers an additional strong support for the presence of DM particles in the
ompliiude and to satisty all the galactic halo further excluding any side effect either from hardware or from software
mums of the signatuve procedures or from background

The data favor the presence of a modulated behaviour with all the proper
features for DM particles in the galactic halo at more than 9o C.L.

Model Independent Annual Modulation Result

DAMA/Nal + DAMA/LIBRA-phase1 Total exposure: 487526 kgxday = 1.33 tonxyr
EPJC 56(2008)333, EPJC 67(2010)39, EPJC 73(2013)2648
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No systematics or side processes able to
quantitatively account for the measured modulation
amplitude and to simultaneously satisfy the many:

uliarities of the signature are avail

From Belli’s talk at TAUP 2015, httP://tauPZOlﬁ.to.infzn.i‘c

ComPatible with: DM sc:attering on nuclei
DM scattering on electrons

(5-100) GeV WIMPs
(0.3-6) KeV ALPs




Light WIMPs window
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Bounds and exPecte& sensitivities for DM-nucleus scattering

Under the hgpothesis of contac:t~t9pe interactions

“Neutrino floor”

XENONIT (LXe)
DarkSide (LAr)
Lux, LZ, ...




WIMP

° Usua”g discussed in terms of contact “scalar’ interactions, or spin~spin
interactions, but this isjust a small part of the story

° l:u” set omc efHective opcrators For DM — nucleus scatterin
r—itzPatrick etal., JCAP 1302 (2013) 004

O =11y O7 = Sy - Ty
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The Fu” set OF opcrators starts now to be explored: responses From the cligerent
nuclei and detectors signiﬁcantlg change as comPared to the “vanilla” contac’c~t9pe case

See e.g:

Arina, Del Nobile, Panci, PRL 114 (2015) 011301

ScoPel, Kook—ngn, Jong-Hyun, JCAP 1507 (2015) 041
Catena, Gondolo, JCAP 1508 (2015) 022

Catena, JCAP 1407 (2014) 055



WIMP

° Usua”g discussed in terms of contact “scalar’ interactions, or spin~spin
interactions, but this isjust a small part of the story

° l:u” set omc efHective operators For DM — nucleus scatterin
r—itzPatrick etal., JCAP 1302 (2013) 004

O; =11y O7 = Sy - Ty
O3 = —iSy - (L x Ty ) Os = S, - Tiky
Oy =S, - Sx Oy = —iS,, - (§N x m%) Relevant for GeV-TeV DM
05 = —igx (% X 17>J<‘N> 010 = —ZgN mi
Os = <§X . mL:V) (HN ' %> On = —i§X ' mijv + interferences
e Interactions on (bouncl) electrons Relevant for keV — MeV DM

e DM Phase space distribution in the Galaxg (esl:). the higl%v tail)

- Difficult to moclel, very small astroplﬂgsical scales (simulation -=> DM scale)
- Quite some interest in theoretical mocleling, recentlg (analgtical, numerical)

- Prospects for observational inputs (e.g.: GAIA)



Prospects

o Annual modulation: ANAIS, KIMS, DM-lce, SABRE
e Diurnal modulation: DAMA with larger mass could Iikelg access it

° Directionali’cg:

— Nuclear emulsion (NEWS)

- Angso’cropic crgstals (ADAMO)

- Liquid Ar TPC

- Negative lon Time Expansion Chamber (NITEQ)
— Carbon nanotubes

- DRIFT, MIMAC, DMTFC, NEWAGE, D3, ...

lL.ow masses

Improved sensitivities: , ,
¢ P / Features of the annual modulation amphtucle (DAMA)
— Verg low thresholcls

- “Zero backgrounc]”
- Extreme|9 radiopure Cry}k\A

- Light detectors Neutrino floor



Indirect searches
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No evidence for deviation from astrophgsical secondaries
PAMELA Set stringent bounds on DM Properties
Uncertainties from nuclear Phgsics and galaxg transport



AMS-02 pbar/

10-3 Kounine, ‘AMSdPays at CERN, APril 2015
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¢ AMS-022015
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Antideuterons

bb channel = mpy = 20 GeV
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Positrons
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Positrons

e The high energy tails requires a local Procluction

— Pulsars
- Dark matter

e The spectral feature mgiéht not be conclusive (unless a
very clear sharp cut-orrt Is seen, Peculiar of direct e*e
Procluction)

o AMS will further extend the energy range

o Fermi/LLAT has just reported a new analgsis on the sum
(Power law up to 2 TeV)



Positrons
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Gamma rays

Fermi/LAT

Galactic center
Very interesting target, but difficult

Potential hints, under hot discussion

lsotropic gamma ray backgrouncl
Relevant for extragalactic DM

Complex to seperate a DM signal from

astrophgsical sources

Dwarf galaxies A
One of the best targets (DM dominated) ;
Recent] , NEW dwarfs have been discovered
(DES): great Potentialitg
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Gamma rays

° ngher energies (grouncb >300 GeVA "F
Probe TeV+ DM e

GeV TeV

|
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o GeV—TeV energies (space) or even higher
Probe GeV-TEV DM

lml:)rovecl energy and angular resolution
DAMPE (2 GeV — 10 TeV), GAMMA400, HERD (uP to PeV), ...

e | ower energies (space): MeV — GeV

Probe subGeV DM or the low~energ9 tail of WIMP DM
AstroGam, PANGU, ...



Lower Frcclucnci

Radio emission

E ~ 15¢/vGis/Buc GeV
Galactic center

Galactic diffuse emission

Extragalactic diffuse emission

Dwar{'g galaxies

Larger undertainties, but Promising for discover9

X~rags
OPPortunitg for non-WIMP DM
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Some additional features

o Sl KeV line from the galactic center

- Requires a largc number of Positrons at the GC
- still unexplainecl

e “Hazes” in the central regions of the Galaxg

— Microwaves (WMAP haze)
- Gamma~ra95 (Fermi bubbles} unrelated to DM

e Arcade excess

- Radio excess, not accounted for bg atrophgsical sources
- Requires a |arge number of very faint sources (and DM isjust 50)




Cross-correlations

Cross~correlations between ’El’]é unresolvecl gamma~ra§
component and the large scale DM distribution, measure
tlﬁrough gravitational tracers:

— Cosmic shear (weak lensin§

- Galaxg catalog (Iarge scale structure)

Fermi/LAT




Cross~-correlations

Cross-correlations with DM gravitational tracers

CMB lensing (Planck)
LSS 2MASS, SDSS, ...)
Cosmic shear (DES, Euclid)
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Log, [0, & (Pb)]

Nucelon scattéring

Neutrinos from the Sun
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Warning: bounds are derived under the assuml:)tion of

Permcect equilibration between capture and annihilation
(and contact interactions)



Annihilation cross section

Neutrinos from targctccl sources

<o, v> (cm®.s))

H
d
N
o

=
:.

N

[

10-22

10-23

1024

10-25

Annihilation in tau Pairs

Neutrinos from GC
IceCube-DeepCore 79 2010-2011

IceCube 59 2009-2010
Neutrinos fros Virsecltster

ANTARES 2007-2012
Neutrinos from GC

MAGIC 2011-2013
Gamma from Segue 1

Fermi-LAT 2008-2014

Gamma from dwar galaxies
natural scale

10-26
10

107 10° 10
Myivp (GEV)

ANTARES Collaboration, JCAP 1510 (2015) 068



IceCube PeV neutrinos

The spectral feature of the IceCube PeV events could refer to
decaging (not annihilating} very heavg DM

1024, -------- DM - WW~ (ZZ) E

L ! ! Loy ] ! ! L
102 10° 10%
Mpm (TeV)

Esmaili, Serpico, JCAP 1412 (2014) 054



L.argc detectors

° Signiﬁcant sensitivities for

- DM signal from the Sun
— Galactic center
- Galaxg clusters

o KmAHNet
° HgPerkamiokande
o DeePCore, PINGU
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WIMPs at accelerators

e Focus now is on the Run Il of LHC

e Sistematic stuclg of the Effective Field Theorg aPProach
o Mono-X + missing ET

q DM
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Mono-X searches
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WIMPs at accelerators
° Complete NP models

- SuPersgmmetrg (nheutralino, sneutrino)
- High-scale inspired (SUGRA-like: CMSSM, NUHMI, NUHM2,
NMSSM)

- Low-energy (PMSSM~n}
— Technicolor

- Extra dimensions (Iightest KK state, if neutral)

-~ Speciﬁc models (mang, not all, built sPeciﬁcany to adrees DM)
- MDM and variations
- Inert higgs models
- Mirror DM



F_'xamplc: PMSSM-IO after Run1

* —— —— pMSSM10 w LHCS8: best fit, 15, 20
% -=-=- --- pMSSM10 w/o LHCS: best fit, 10, 20
10
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10 Higgs searches
10 Flavour Plﬁ%‘sics
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107°
-49 .
10 3 gaugino masses : M 23,
10™° 1(‘)0 1(‘)3 10 2 squark masses : mg, = mg, # Mg,
1 slepton mass : my,
1 trilinear coupling : A,
Higgs mixing parameter : 1,
Pseudoscalar Higgs mass : M4,
Ratio of vevs: tanj.

De Vries et al, Eur. Phgs. J.C75 (2015) 9,422



Examplc: PMSSM~I9
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Non-WIMPs at accelerators
° Light DM at the MeV-GeV scale:

~ Dirac or Maiorana fermions

~ Scalars o Pseudoscalars
- Asgmmetrlc LDM

- Dark Photons

e Mediators:
- Vector portal
— Higgs Portal
— Neutrino Por’cal
— Axion Portal

° lml:)act both on multimessenger/ multiwavelength searches and
on cosmological Probes (CMDB, dark ages)

o Search of visible decags (e*e) under way, and studies for
accessing invisible decags

e Rich exl:)erimental rogram:
— Hadronic beams: 5HIP e NA62 at CERN
— Electron beams
- Meson clecags



Example: SHIP for neutrino Portal
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Proposals for electron beams

o | NFF: PADME + BDX (Beam Dum eXPcriment)
- Linac upgracle at1-1.2 GeV, up to 1I0®°EQT/ year

o JLab: BDX (HPS, APEX, DarkLight)
- Beam: 12 GeV, 102 EOT /year

e MAINZ (MESA): BDX
- Beam: 150 MeV, 10% E’:OT/gear

e Cornell: PADME-like
- Beam: 5 GeV, reach x2 as comParecl to LNF

() 56”6:
- Trigger monojet to search for “heavg Pl‘no‘cons”



PADME at LNF

Dark photon search in ete- to gamma + missing ener
P g S 2Y

T T T 017 T IIIIIII[ T T T T 17T
< -

.00 4451
.

I
| IIIIHI\ L

In one year, sensi’civi’gd in the relative

—

. . . 10_6 E =
interaction stren?th own to 1076 in = §
the mass region (2.5,22.5) MeV 5 f ]
-~ 10‘7 E —
3 - E
10" E
107 = E
1070 -
E 1 | I | 1 1 1 J I | | 1 1 1 1 111 IE

10 10"

m, (GeV)

Ragg], Kozhuharov, Valente, arXiv:1501.01867



Axions and ALP

~ 10% SSUBERLL LR AL R i
5
@’a— 107 & §.~" = Techniques:
SR . A= Shine through wall
[ Helioscopes (CAST) .-~ z Ine througn wa
10 = 4
o = 5 (ALPS, OSQAR)
== : \‘*\\\\ 3 ] Helioscopes
S E = = (CAST, IAXO)
% 1012 S < Haloscopes
B = ' i white dwarf 3 P
< - ransl:)arencg i \ l i (ADMX)
Q_ 1083 hint o COC,) NS - ,
; = \\ hint z Magnetic resonance
. = | =
Q 10ME B | ~ (CASPEr)
1015 = =
10-16 B L1 lllllll 1 J’/lev;lllll | | lllllll L1 IIIlIll A """J || llIlllI L1 IIllllI || llIlllI 11 IIIII
0% 107 10% 10°¢ {0*]| 10* 102 10! 1 10
AXion mass M, ion(€V)

QUAX: higl%{:requencg magnetometer
axion-electron couplin g



Conclusions

e The solution to the DM problem requires to identif (or dis rove) its
, , Pre 9 ey P
Partlcle Phgslcs nature: either way, New Phgs:cs is there

e This can be done onlg ’through a coordinated and multifaceted effort
which gets input both from:

- Accelera‘cor PthiCS

- Astrophgsical and cosmological Probes

e WIMP Current techniques have started Probing the region of interest
It is the right moment to Push forward

e Non WIMP  The interest has been recentll(j strong|9 revived, new ideas
Window of oPPortunit9 complemetary to WIMPs

o A signal of DMis clearlg faint, but the oPEortunities are rich:
multimessenger, multiwavelength, multitec nique



