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Dark Matter

e DM evidence is Purelg gravitational

— Galaxg clusters clgnamics

— Rotational curves of sPiral galaxies

— Gravitational Iensing
uilibrium of hot gasin galaxg clusters

— Energy uclget of the Universe

— The same theorg of structure formation

— chlrodﬁnamical e

e This evidence can be ascribed either to:
— Modification of the theorg of Gra\/itg (clhq:icult to explain all observations}

- Elementarg Particle, relic from the earlg Universe

» No viable candidate in the SM: New Phgsics BSM

> However, to demonstrate that DM is a new Particle, a
non-—gravitational signal (clue toit’s Particle Phgsics nature) is needed




NON — GRAVITATIONAL SIGNALS
OF
PARTICLE DM
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A multiplc aPProach

o Astrophgsical signals
— Tests DM as Particlc in its environment
— Signals are not Producecl under our own direct control
— Complex backgrouncls

— Multimessenger, multiwavelength, multi’cechnique strategy

o Accelerator / Lab signals
— Produce New Phgsics states and help n shaping the unclerlging model
— Allows (hopeﬂx”g} to iclenthcg the Phgsical Properties of the DM sector

— Contro”ecl environment

One does not fit all ... Proﬁt of all oPPortuni‘cies



Mechanisms of DM signal Production

X | 49 7 WHH

Annihilation (or Accag)

X I 9 7 W™ H
X X
Scattering with or&inarg matter
q q
et ¢ X
+ other states Production at accelerators

e q X



Mechanisms of DM signal Production

X | 49 Z WtH
X I 49 7 W™ H
X X
q q
et ¢ X
+ other states
e g X

Signals occur in as‘crophgsical context

Directly test DM the Particle~PhgsiCS
nature of DM

Signal Proclucecl in accelerators

Directlg tests New Phgsics: com atibilitg
with DM needs to be cross-checked
with cosmologg adn astrophgsics



DMasa Particlc migl'\t

Interact with orclinarg matter Inside our detector

Self annihilate or decag

Direct detection

Produce effects in astrophgsical
environments, like in stars

Send us messengers
Indirect detection

Exotic injections that can alter

Progerties of messengers (e. g,
CMDB: 57, reionization; gamma-
rays absorption)



Direct detection signal

X X

Scattering with ordinarg matter
d q
Nucieus

Relevant particle phuysics properties:
P phgsics prop

1. Scattering cross section
2. Mass of the DM Par‘cicle

Oscatt

1+2: Size of the signal
2 Spectral Features omc nuclear recol




Indirect astrophysical signa's

_.l_
X | 4 Z WTH L4 2 wH
Annihilation Y
orclecag
X I 49 Z W™ H 14 7 WoH



Indirect astrophgsical signals

X 19 Z WtH
X lle z W H
67#77-
6::
Ve, Vyy Vr
YFSR

Annihilation
or clecag

| 9 Z WTtH

| ¢4 Z W™ H

Which channel is open clePcnds on

the mass of the non-relativistic DM
Particle

m; < MpM

m; < mDM/2

ann

decay

The maximal energy of the final
rocluct also depends on the mass

P

@)

f the DM Par’cicle

E<mDM
E < mDM/2

ann

decay



Indirect astrophgsical signals

9|2z WTH

| 4 Z WTH
Annihilation Y
or CICCBH
ez wen Il 49 7 W™ H
. n. heavier Barions Which channel is open depends on
hadronizazion P, 1t the mass of the noE~re|atE/istic DM

7r0,7ri, heavier Mesons Parﬁcle

v

m; < MpM ann

Z_/)7 D’ He m; < mDM/2 clecag

/y j— The maximal energy of the final
6 — Product also dejpends on the mass
of the DM Par’cxcle

V€7VM7V7- E < mpwm ann
E < mpm/2 clecag

YEFSR



Indirect astrophgsical signals

I 9|\Z WTH

| 9 Z WTtH

Annihilation Y
or clecag

I 4\Z W™ H

| ¢4 Z W™ H

Which channel is open clePcnds on
the mass of the non-relativistic DM
Particle

m; < MpwM ann

Z_?p D’ He m; < mDM/2 clecag

The maximal energy of the final

e + ggzﬁg% as;aégﬁznds on the mass
V@)”}L?V’T E < mpwm ann

E < mpm/2 clecag



Indirect astrophysical signals

+
X | ¢« Z WHH L g 7 W

Annihilation Y
or clecag

X I 4 Z W™ H 14 7 WoH

Relevant Particle Phgsics Properties:

b
1. Annihilation cross section @ (or clccag rate) A
2. Mass of the DM Par‘cicle (ov)
5. BRin the different final states r

+2: Size of the signal
2+5: SPectral features

mpm
) Determines also the cosmological relic abundance (For a thermal DM)

Qh? =0.11 +— (oanuv) = 2.3 x 107%° cm?® 571



Neutrino signals from Earth and Sun

5cattering with ordinarg matter

Detector

Cal:)ture
q q
X | 49 Z WTH
Annihilation (or clecag)
Generation of the neutrino signal
X I 9 7 W™ H
Relevant Particle Phgsics Properties: M

I. Scattering cross section

2. (Annihilation cross section)

3. Mass of the DM Par‘cicle

4. BR in the different final states

1+2:Size of the signal
A+4 . Spectral features



Particle

neV keV  GeVTev

neutrino v

neutr

1
|
1
1
1
n
1
1
1
1
1
1
a
I
1
1
1
1
1

geeeseeeds

IMP

SH-DM |

| a
i ﬁgﬁﬁ%}ﬁé N 3
B E gﬁav1tﬁnoig3/2 N
I lI“éilvl I 1 I 1 Ikielvl G?VI i 1| 1| I MPUT
~18-15-12-9 -6 -3 0 3 6 9 121518
/i GeV)

Physics scales

“Strong (~ish)”
Selxc~interacting
Technicolor DM

“EM (~ish)”
Mi”icharged DM
Electric/ magnetic dipole

Weak
WIMP

Gravitational



The MuItimessengcr LancIscaPc

X/gamma rays: IC on radiation felds

7

radio: synchnro on ambient mag fields

A

A

X rays
di , ce+,e~ —
radio neutrinos .
antlproton
e+,e~- antideuterium
infrared X/gamma rays | gamma rays
neutrinos neutrinos neutrinos
I I I I
| | | | >
eV keV MeV GeV TeV My

WIMP



Multi: mcsscngcr/wavclcngt‘h/tcchnicluc

WIMP WIMP
non WIMP non WIMP WIMP
radio IR X gamma
Photons
Cosmic rays electrons/l:)osi‘crons WIMPF, non WIMP
antiprotons, antideuterium, antinucle WIMP
Neutrinos WIMPF, non WIMP
Gravitational waves non WIMP (DM = Primordial BH)
Direct detection WIMPF, non WIMP

Accelerator searches for New Phgsics WIMF, non WIMP



Where to search for a signal

DM s Present n:

— Qur Galaxg

> smooth comPonent
> subhalos

— Satellite galaxies (dwarfs)

— Galaxy clusters
> smooth comPonent

> individual galaxies

> galaxies subhalos

— “Cosmic web”




Galactic environment

DiIsK DARK MATTER HALO

View from the side

DIFFUSIVE HALO

HELIOSPHERE

Galactic signals

Direct detection
Electrons/ Positrons
Antiprotons
Antideuterons
Photons (From radio to gamma rags)
neutrinos



DARK MATTER HALO

LocAL DM HALO

DIFFUSIVE HALO

HELIOSPHERE

Galactic signals

Direct detection

F‘eels ony the local DM &ensitg
Feels how DM is |oca”9 distributed in velocitg space



DARK MATTER HALO

Local DM halo

X X

For gravitational
capture in the

DIFFUSIVE HALO Sun and Earth

q q
(s; heavy; u, d) (s; heavy; u, d)
HELIOSPHERE
Galactic sig;nals
Neutrinos rrom earth ancl sun
X | 9 7 WtH
Feels ony the local DM densit L .
, . , , For the generatnon
Feels (somehow) how DM is Iocaug distributed in veloc;tg space of the neutrino
signal

Il 9 Z W™ H




DiIsK DARK MATTER HALO

DM HALO PROFILE
SUBSTRUCTURES

DIFFUSIVE HALO

HELIOSPHERE

Galactic 5igna|s

Direct detection

Electrons/ Positrons Y 1 4 7 WHH
Antiprotons

Antideuterons

Photons (From radio to gamma rags)

Neutrinos from the Galaxg X 1 ¢ 7 W H




DiIsK DARK MATTER HALO

14 w— ess—— 18

log S ( M, kpc’sr?)

Gamma rays
prompt (m° clecag)
IC from e+/e- on ISRF

Radio

sgnchrotron emission from
e+/e-on galactic B

DIFFUSIVE HALO

Galactic signals -

Direct detection
Electrons/ Positrons
Antiprotons
Antideuterons

X | 4 Z WtH

Plﬂo’cons (From raclio to gamma rags)
Neutrinos from the Galaxg X 1 ¢ 7 W H




GALACTIC DIFFUSION

/ ENERGY LOSSES
N\
TRANSPORT IN THE HELIOSPHERE
p, D
HELIOSPHERE
Galactic 5igna|s
Direct detection
Electrons/ Positrons
Antiprotons
Antideuterons

Plﬂotons (From raclio to gamma rags)
Neutrinos from the Galaxg



Extra-galactic environment
ga

Extragalactic signals

Photons: gamma, X, radio

Neutrinos

Sungaev-—Zelclovich effect on CMB

Optical Glepth of the Universe

X 1 9 Z WtH

EG-MSII v
-1.0 D —_EX X . 49 7 W™ H



DM DISTRIBUTION IN GALAXIES



Galactic environment

disk dark matter halo

View from the side

How DM is distributed in the Galaxg?

ditfusive halo
How much DM is there?

1pc=3.26ly



The vanilla model: isothermal sphcrc

G
/U(% = Urot (R@) — R_@[MViS + MDM]
o omln) =G " 1nG (12 1 R2)?

unphgsical at small r

% f(v) = Nexp (—v?/v5)



Numerical simulations

Cold Dark Matter N~bocl9

Gas coolings, Photo—-ionization
Star formation, ISM model
Stellar evolution Hgdroclinamica

Stellar feedback (winds)
Black holes and sSMBH feedback

Volume: (100 !\/\Pc)5
DM Particles/ce”s: 107 - 100



—dlnp/dInr
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From numerical simulations

Navarro et al., arXiv:0810.1522



CDM: Subhalos
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Most subhalos are in the outer halo

Springel et al., MNRAS 391 (2008) 1685



Vclocit‘y distribution (at Sun’s Position)

Velocitg streams
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From numerical simulations

Vogelsberger et al., arXiv:0812.0%62 Vogelsberger et al., arXiv:0812.0%62



“«Canonical® halo

,0(7“) — pog = 0.3 GeV ecm ™3 Some determinations [-7]
q Po = 0.385 4+ 0.027 GeV cm ™3 (Einasto)
p(r) — 7~ [r— 0] po = 0.389 4+ 0.025 GeV cm ™3 (NFW)

21 pg = 0.43(11)(10) GeV cm ™2

vo = (220 &= 50)km s—1
Vese = (450 = 650) km s~

11 Catena, Ullio, arXiv:0907.0018
[2] salucci et al. arXiv:100%.%101
[3] Pato et al., arXiv:1006.1322



“«Canonical® halo

,0(7“) — pp = 0.3 GeV cm 3 Debated whether cuspy or cored
Ftfect of . L/Da/yons unclear

r)y —or-— 1 r — () Substructures lkely are present
p(r) | | (a/t/mugﬁ sparse/ﬂﬂcﬁbtrguteaf mostly in
the outer /oa/'ts € anti-biased)

Amﬁsotropts ma be /D/'CSC/’Ii'

The /7[g/7~v ta//maﬂ not be fu//ﬂ “thermal”

vo = (220 &= 50)km s~1
Vese = (450 = 650) km s~

Streams may have /mPact



DIRECT DETECTION OF DM

"A piece of dark matter appeared from nowhere and... you know."



DARK MATTER HALO

LocAL DM HALO

DIFFUSIVE HALO

HELIOSPHERE

GALACTIC SIGNALS

DIRECT DETECTION

F‘eels ony the local DM &ensitg
Feels how DM is |oca”9 distributed in velocitg space

q q

(s; heavy; u, d) (s;heavy; u, d)



Direct detection signal

()
O
Tgpical process for WIMP DM \’/

X + N(ANa ZN)at rest — X T N(AN7 ZN)recoil \

Recoil rate
dR & po / s . doy
IR d E
dER N My Jvmin(ER) UUfE(U)dER (vj R)

For non-WIMP (|<ev, MeV) DM: interaction on electrons



Undcrg'ound Labs




LNGS — Gran Sasso Lab (INFN)
THE A, B AND C OF GRAN SASSO

Gran Sasso
Experiments at the Gran Sasso National g \ational
: «. Lkaboratory
Laboratory are housed in and around three .

huge halls carved deep inside the mountain,
where they are shielded from cosmic rays
by 1,400 metres of rock.

OPERA
GERDA

CRESST
CUORE

XENON
DarkSide

Borexino

/

Rome

Adriatic
coast

ascolinoi.weebly.com




Interaction mechanisms

o Elastic scatteringwith nucle; YN — YN

— Coherent coupling to nuclcons
— Coupling the nucleus sPin
— Long~range mediators

— Electric/ magnetic clipole~moment interactions

——

o Inelastic scatteringwith nuclei YN — YN

— Scatter requires a mass difference between X and X’ of the order
of 1-100 keV

° Scattering on electrons



Interaction mechanisms

o Elastic scat‘cering with nucle; WIMP DM (GeV-TeV*)

Er = pu3v%(1 — cos6)/my

2
MmN m f
Fn) ~ K V( ) X Er > rew KeV
\Er) " \Gev (mXerN) )

o Inelastic scattering with nucle; WIMP DM (GeV-TeV*)

e Scattering on electrons Light (keV) [Pseuclo]scalars



E:xamplc: Ncutralino~quar|< scattcring

Xq — X¢q qr: 4R s channel
Z,h,H A t channel
qr, qr u channel

~
as
> E
W
W
N
W
(S
>
W
> K

coherent spin coherent coherent

sPin spin



Cross section
Lot = Y @;(G0q) (YO'X);
Leg —< N|qu‘N > &NO@DN —< N ‘&NO¢N| N>

M = <N,X|£eff ‘N7X>
= > (N |nOun| M) {(xIXO'X| X):



Cross section

Scattermg amplltucle on nucleon n

M, Z (A, my) (’)NR

Basis O{: 16 non—relativistic oPerators

A Parameters of the underlgmg non- relatlwstxc theorg
(medlator masses, couplmgs )

Fitzpatrick et al, JCAP 1302 (2013) 004
Fitzpatrick et al, arXiv:1211.2818

Anand et al, PRC 89 (2014) 065501
Dent et al, PRD 92 (2015) 063515



Set of oPcrators

O = N scalar

03 =1 N ( 4 % \A’J‘)
Oy = SX N SPin

A o .A q AJ_
Os = 1S, e XV )

S
||

Catena, JCAP 1407 2014) 055

Arina, Del Nobile, Panci, PRL 114 (2015) 011301
Scopelj Yoon, JCAP 1507 (2015) 041

Catena, Gondolo, JCAP 08 (2015) 022
Gluscevic et al, JCAP 12 (2015) 057

Catena, Ibarra, Wild JCAP 05 (2016) 039
Kalhofer, wild, arxiv:1607.04418

(o)

A _.A q

Olo—ZSN e

A . A ) q

011 ZSX e
012—8X°<SN><{7J‘>

A . A A_L A q

(913—2 SX-V )(SN o

A _. A ~ A AJ_
014—2 SX W?N) SN A"

A _ A ) q A AJ_ q
O == (83t ) | (8w x¥) - 7
Ve =i (L .S .7

(917—@ P~ S VL

Ve =i (-2 .S.§

018—@ P S N)

Fitzpatrick et al, JCAP 1302 (2013) 004
Fitzpatrick et al, arXiv:1211.2818

Anand et al, PRC 89 2014) 065501
Dent et al, PRD 92 (2015) 063515




Cross section
Scattermg amplltucle on nucleon n
M,, Z (X, my) ONR

Basis O{: 16 non—relativistic oPerators

A Parameters of the underlgmg non-relat. theorg
(mecllator masses, couplmgs )

Transition Probabilitg on nucleus N

My|® = mN Z Z C”C“F’nn (v, ER|N)

J=1n,n"=p,n
L= —b nuclear response Functxons

Fxtzpatrlck et al, JCAP 1302 (201%) 004



Nuclear Responses

Nuclear response functions

fluorine

103 & (N.N)
Fl,l

Total

Exchanged Momentum

an:

q[GeV]

NR _
O " =

(6,6):

0.0 0.2 04 0.6 0.8

iodine

103 £ N

- ff ’

Nuclear Responses
[S—
S)
I
N
=
=

|
—_
w
]

Total

0.0 0.2 04 0 6

Exchanged Momentum

q[GeV]

"Vanilla”? coherent sca’ctering

AZ enhanced

R = (3, q) (5, - e.g., Pseuclo~sca|ar mediator

scattering onp dominant (no unPairecl non F and )



Cross section

Cross section on nucleus V'

doxr 11 1
En) —
dEr (v, ER)

I Mpr|?

32w m2mpy v?

\

Non-relativistic scattering on nucleons -> nucleus
Relevant quantities:

v DM velocit m, DM mass

q Exchange momentum my nucleon mass
5, Nucleon spin m s nucleus mass
S.

v DM spin



Sumrnarizing

dR
dEJZ—KP@fNZ > dmy)e

1,J=1n,n"=p,n

Uesc

Fi(,?’n )(ERaN) — /

vmin(ER) v

Structure of the interaction

Nuclear response

Galactic moclclmg

Local motions
Sun/Earth revolution in the Galaxg
Earth revolution around the Sun
Earth rotation around its axis

1
d3’U — fg(?7—|—

WA my) Fo" N Ep, N)

() ™) (v, Eg, N)

stationarg boost
annual PCI’IOCllClty

dlumal PCT’IOCllCltﬂ



Interaction rate (WIMP ; scalar interaction)
O; =1,n

dR Po ™MN 5 (nucleon ) 2
—— — N A [ } F2(ERr)L (Vmin
dEr g Ty 2#% Dscalar ( R) (U )

Umin = [mNER/(QN?A)]l/Q



Interaction rates

SPin~inclePenclent (scalar) 0, = 1N

dR Po MN 5 (nucleon ) 2

dEr me 2:“% Oscalar ( R) (U )
SPin—-clePendent Os =8-Sy

d 2 nucleon

dER My M1 g



local motions

""""""" 220 Km/s

Stationary over the lifetime of an experiment

Directional boost
: 1 30 Km/s

/
\ - 7] P i
~

—
B _”/

w

Z(Vmin) = / d>w —fES(w)
wzvmin
View from the toP

fES (U_j) — f(/u_j _|_ 6@)‘[Urot;vesc]



v .. (km s71)

Responsc function
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Differential Rate — Encrgy Dcpcnclcncc

_3 N I I I 1 I I I I I I I I 1 I 1 I I

N [my in GeV]

log,o[(dR/dE)/(dru)]




local motions

Stationary over the lifetime of an experiment
Directional boost = A4S
Vo T~ 220 Km/s
o, N 1 30 Km/s
o o
// // \\ N
Orbital motion - Period: 1 year / 7 \
/ / \
| /
| | \
\ Galactic center - /- Sun %
\ \\ / //
. . . \\ \\ // //
Diurnal rotation - Period: 1 day \ WL
\\\ ///
w
z-(/Umin) - / dgw fES( )
'wzvmin w
View from the toP

fES <U_j) — f(,u_j + ﬁ@)‘[vrot;vesc]



Tgpical signaturcs of direct detection

Stationary over the lifetime of an experiment

Directional boost
Directionality 6’

Orbital motion - Period: 1 year
Annual modulation | 77 (t) !

Diurnal rotation - Period: 1 day
Diurnal modulation 17 (t)

View from the toP

®

Y —y __"/




Annual Modulation of the rate

AR dR J ( afi ) An coslw(t — to)]

E[n(t)] dEn [770] on \ dEg -

= So(ER) + Sm(Er) coslw(t — to)]

n(t) = v(t)/vo



Annual modulation

t (day)

g(v): isotropic maxwellian



Modulation amplituclc - energy clcpcndcncc

S

Few % of So




Freese, Lisanti, Savage, 1209.3559

Speed Distribution (arbitrary)

DM vclocity distribution: streams?

Umin UVesc

T
L

4

Mean Inverse Speed (arbitrary)

Sgr stream
Dec 29

------ June 30

Standard Halo Model
June 1

100

200

300 400 | 200
Velocity [km/s]

600

700

®  Sagittarius dwarf galaxy

Milky Way

8 billion years ago

1.9 billion years ago
Second Sagittarius passage

Sagit’carius stream

5.7 billion years ago
First Sagittarius passage

1 billion years ago
Third Sagittarius passage

3 billion years ago

Current situation




DM vclocitg distribution

Stream

Debris Flow

SHM

ey [e10],

ey [°0],

ey 207,

EI]I'

El’lI‘

Enr

opnjdwy uonempoN

Enr

opmidwry uonempoN

EIII'

/

Freese, Lisanti, Savage, 1209.5559

opmidwry uonempoN



Annual modulation: effect of anisotropics

t (day)

F(v): anisotrolaic maxwellian



local motions

Stationary over the lifetime of an experiment
Directional boost .~ _______
- : R e . 220 Km/s
Directionality V e 3¢ A
. | 30Km/s
// //\T\'-— R
/ // \ \
/ / \
/ / \
/ / \
.' / ‘
| ® {\ ‘ Eart}h
| Galactic center - /- Sun %
\ \\ / //
\ N / /
\ AN / 328
\ \\ / //
\ IRIA s b2
\\ //
\\ //
w b 40
7 (Umin) = / dBw fES_() o o
’UJZ’Umln w \\\\ \\\\\ ///

fES (u_j) — f(u_j —|— UEB) ’ ['Urot ;Uesc]
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Directionalitg of the recaoil

my = 100 GeV
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DM Particlc features extraction

dR Po ™MN 5 (nucleon ) 2
— = N A [ i| F*(ER)ZL min
dER me 207 Dscalar ()T (tnin)

L) = [ d fes (@)
W > Vmin w
fES(w) — f(/u_j _|_ 6@)‘[Urot§vesc]
Umin — [mNER/(Qlui)]l/Q
Er — Eqet

Eee = Q(E) ER



Current status (Spin-inclcpcnclcnt = O, opcrator)
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Residuals (cpd/kg/keV)

DAMA/Libra

The data of DAMA/LIBRA hasehphasez favor the presence of a modulation with
proper features at 12.95s CL (2.46 ton X gr)

Sm=(0.0103%0.0008) cpd/kg/kev
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Current status (Spin-inclcpcnclcnt =Q, opcrator)

dR Po TN 5 (nucleon ) 2
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Catena, Gondolo, JCAP 09 (2014) 045

Full set of
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Light WIMPs - Migdal effect

When the nucleus recoils, electrons do not ‘rigjc”g’ follow, but can have transition
to a different energy level or to the continuum, resulting in:

excitation
jonization

with e.m. released in addition to the recoil signal

Transition to the continuum: emission of radiation

. < 103k §
Rearrangement of atomic shells 20k 4 GeV g
, , , . “g 10 k& My = 4 GeV g
Emission of radiation T
0 E
Meltner~Auger electronsC*) 12:5:
wofi—
10 °E
10 ° I N
1 2 3 4 5 6
energy (keV) energy (keV)
Relevant esPeCIang for Ilght WIMPs I 3
g 102} 2 GeV g 02k 1GeV
gwo%—\ my = 2 GeV 2 0B my = 1.1 GeV
m11 ii 107! -
10k 10°E
10k 10°E
m:;é : wo:;j 1
) Fi”ingthe innerslne”vacancg, energy is transfered to another IS 00 15 SR, WOTTUUTE R 200 7 PR VRO SO
electron which is then emitte o2 8 s e 0

energy (keV) energy (keV)



Very |ig|1t DM

° Verg light DM (clown to the warm regime):
— Available kinetic energy can be as low as meV (1Cor KeV DM)

— Too low clepositecl energy on nuclear target

o Possibilites: |
Guo, McKinsey, PRD 87 (2013) 115001

— Nuclear interactions on light targets, e.g. liquic He
— Electron recoils B o .
; - SRS
i e SRR
Essig et al, PRD 85 (2012) 076007 0*'p g & & Excludedby
Essig et al, 1509.01598 0321 2l B\ XENON10
E |
Agnese et al (SuperCDMS) PRL 112 2014) 041502 &Ll \
) 1072 ¢ |
Essiget al, PRL 109 (2012) 02130 E :
1073 -
& :
10—35
10736 ¢ freeze_;
BESSig et al, PRL 109 (2012) 021301
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Supcr ligl'\t DM

s Sensitivity to DM via a Light Mediator Sensitivity to DM via a Massive Mediator
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To £0 below 10 MeV DM: conversion of the full tin9 energy needed

» Superconcluctors electron interactions

Hochbcrg et al, 1512.045%%
Hochberget al, PRL 116 (2016) 011501

» Superﬂuid He nuclear interactions
Schutz, Zurek, 1604.08206



Other tgpc of interactions: e.g long range

X

X
very Iigh’c mediator
e.g dark Pho’con or mirror P]ﬁoton
q q
q

contact

do (’U,ER) . QmN)\ iF2 (ER)
2 - 2.9
dq <q2 _‘_mi) v

q2 — 2mNER momentum transfer

My mass of the mediator

- ¢
/\ |
long~range

do(v,Er) mn 1

= — 7204, F? (E AN
dEp 2,“?(]3 02 o4y E” (ER) my > q

d E Al
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dEg E% 02



Cross Section [cm2]

Prospccts: Projcctcd Sensitivities
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Prospccts

e Annual modulation: ANAIS
KIMS + DM Ice = COSINE 100
SABRE

e Diurnal modulation: DAMA with larger mass might access it

° Directionalitg:

— Nuclear emulsion (NEWS)

— Gas TPC (CYGNO)

— Negﬁtive lon Time Expansion Chamber
— Carbon nanotubes, grafene

— Angsotropic crgstals (ADAMO)

— DRIFT

- MIMAC, DMTPC, NEWAGEL, D3, ...



NEUTRINO SIGNAL



Neutrino signals from DM

o Neutrino Hlux produced ]39 DM annihilation (or clecag) inside
the Sun/Eart , where DM may be gravitationa”9 caPturecl

— Because of capture, the Hux may have a detectable size
— Directionalitg (Point source)

e Dilfuse emission from DM annihilation (or clecag) in the
galactic halo

— Size of signal is low (target for next~generation nu-
telesco[:)es)

— Possible correlation with diffuse galactic gamma rays



Neutrinos from Earth and Sun

° Capture:

— Galactic DM Particles that cross the Earth and the Sun, can
interact with the nuclei in these bodies and loose enough energy
to remain gravitationa”g caPturecl

o Accumulation:

— After subsequent interactions they tend to Arop into the
dih

iNnnermost Parts of the Earth an e Sun, where theg accumulate

e Annihilation:

— When the energy clensitg in the inner Parts of the Earth and the
Sun increases enough, theg may start to annihilate

neutrino Hux
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DARK MATTER HALO

Local DM halo

X X

For gravitational
capture in the

DIFFUSIVE HALO Sun and Earth

q q
(s; heavy; u, d) (s; heavy; u, d)
HELIOSPHERE
Galactic sig;nals
Neutrinos 1fjrom earth ancl sun
X | 9 7 WtH
Feels ony the local DM densit L .
, . , , For the generatnon
Feels (somehow) how DM is Iocaug distributed in veloc;tg space of the neutrino
signal

Il 9 Z W™ H




Captu re Rate

e Elastic scattering of the DM Particle with a nucleus 7 in a
spherical shell at a distance rirom the center of the Earth
(or Sun)

e In order to be cal:)turecl, the velocitg of the DM Particle
after the interaction must be smaller than the escape
velocitg at the shell

Sun __ —1
Vese = 018 Km's at the surface

Earth __ —1
Veae = 11.2 Km s

(v) ~ 300 Km s~ ! mean DM Particlc velocitg



Captu re Rate

3 m m;
7 X ?
, 1 'i\
suppression factor due to
interaction rate of a flux of DM kin@%atics (mainlg mass
Particle with a nucleus in free space mismatch}

number of nuclei of tgpe / inthe bocl9

suppression Factor c]ue to the

motion of the boclg (~0.75)

“{:ocusing factor” which determines the
maximum caP’cure rate of ’che bodg

M i Total mass in terms of element /

<¢>z Gravitational Potential averagecl over the mass distribution of element /



DM densitg

) DM velocitg clispersion
DM-nucleus cross section

suppression factor due to
interaction rate of a flux of DM kin@%atics (mainlg mass
Particle with a nucleus in free space mismatch}

number of nuclei of tgpe / inthe bocl9

suppression Factor c]ue to the

motion of the boclg (~0.75)

“Focusing factor” which determines the
maximum caP’cure rate of ’che bodg

M i Total mass in terms of element /

<¢>z Gravitational Potential averagecl over the mass distribution of element /



Captu re Rate

8\ /2 0 M;1 [ 302
C p— <—> O'_X/D [ ] €sc . O S
ZZ.: 3 [ ‘m, m; 1 | 202 (0)i| £(00)5;
Nuc H He O C Ne = N Si Mg
SUH f Q.77 Q.21 | 8102 | 41072 | 1.107? | 1.107 | 9.10°% | 8.10°F | 7107
A ] 4 16 12 20 56 14 28 24
nuclei of tgpe / inthe boclg
core mantle
Nuc | Fe | Si Ni O Si | Mg | Fe | Ca | Al
Ear’th f 024 | 0.0O5 | O.O5 | 050 0.15 o4 | 0.06 | 0.02 | 0.01
A 56 52 59 16 28 24 56 40 27




CaPturc rate on the Earth

Capture rate [s™*

T T T T T T 171 L B S B S B S e

Gaussian
—— Best estimate
Conservative

Ultra conservative

— - ‘

| | | [ [

100 200 300 500 1000

WIMP mass (GeV)

Lundberg, Edsj’o) PRD 49 (2004) 123505

x 1.8-1077 [s71]



Solar bound orbits

e Numerical simulation of Near Earth Asteroids show that
many of these have life times in the solar sgstem less than
2 Mgr

o After ’clﬁat, theg are either:

— Driven into the Sun

— Escape the solar sgstcm

o If this would occur also to the DM Particles, this would
signiﬁcantlg reduce the number of these Particles bound
to the solar system, and therefore reduce the capture
rate on Earth

and consequentlg the neutrino signal



Accumulation and concentration

o DM Particies which have been capturecl inside Earth or
Sun can suftfer subsequent scatterings

o This may lead to-
— Concentration in the innermost Parts of the Earth or Sun

— Deveiopment of an equilibrium distribution of these Particlcs

2

distribution n(r) = nge—zmx
no central densitg

ap = 27Gpo/(310)

Earth Rprod ~ 500 km /100 GeV /mpum

Sun Rproa ~ 0.01Rg /100 GeV/mpy



Annihilation rate

Evolution equation d_N =C — 214

dt
Total number of caPtures DM Particles N =Cry tanh(tO/TA)

A . 1
Annihilation rate I, = §<0_annv> /dBT n2(7“)

t
'y = gtanh2 (—O>
2 TA

Capture rate C

Age of the boclg to = 4.6 Gyr
Relaxation time TA = [CCA]_l/Z

CA — <Uannv>0‘/2/vl2
Vi, =cB (jmx/lo Ge\/')_3/2 cm®  Effective volumes of DM concentrations
cg = 18- 1025 / 6.6 - 102° More concentrated for larger masses

Earth Sun



Neutrino flux

AN
dE,

dN,,
dFE, 47TR2

ZBR xx — F)




Neutrino Production

e Neutrinos are Proclucecl bﬂ DM annihilation
— Available ChaﬂﬂClS CICPCHCJ on mass thresholcl

xx — vv, ll, qg, WTW—, ZZ, Higgses, Higgs + gauge

— Quark hadronize — neutrinos from hadron clecag

e Productions in Earth
— Muons: stoPPecl before decag — neutrinos below tgl:)ical thresholds

— Taus: clecag almost as in vacuum
— Light hadrons: tyl:)icang stol:)l:)ecl before dec39
— Heavg hadrons: tgpica”g cleca9 before loosing signiﬁcant energy

e Production in Sun
— Leptons: stopping power of medium is stronger — softer neutrino sl:)ectra
— Light hadrons: tyl:)icaug stoPPecl before cleca9

— Heavy hadrons: energy losses imPortant, need mocleling



Spcctra at Procluction
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Neutrino Propagation
Densitg matrix evolution

d
L dp
e dr

in

cliag(p) : Population of Havour i
non~cliag(p) : superposition of Havour i anclj

mixing, osci”ations, decoherence



Neutrino Propagation
Densitg matrix evolution

1 d d d
(p:—z[H pl+ — LG22 L

dr oo dr|ye dr

Vacuum osa”atlon
MSW matter effect source

CC interactions

(absor[:)tion and \ regeneration)

NC scattermgs
(absorptlon ancl re~mjectlon)



Neutrino Propagation
Densitg matrix evolution

1 d
L il pl+ L

dr dr T

_|__
e dr

Ne dr

source

Vacuum osc:i”ations and MSW matter effect

H_

*\rn .
QE [ - diag (1,0,0) — -5 diag (1, 1, 1)}



NC scatter ngs

d_p
dr

E ‘ oo ‘
v dl'ne dI'ne
= — 1E' El,,E/ E, 1E' Elqu, E'
o /O ¢ VdEL( L E)p( H[EV ¢ VdEV( o Ey)p(E,)

absorption re~injection

I'ne(E,, E)) = Ny(r) diago(vep — 1,X) + N, (r) diago(vmn — v,X)

V spectra
—

E,/E,
EV H EV/



CC absorptions and v, regeneration

Leo(E

dp

dp

vy — T

ot

— X U

— et 1, Uy

— X U, 7
— € U, s

— U, Vs — ut v, U,

dr

CccC

dr

ccC

,) = diag (F

F p Eln . i . -
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) Em
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Oscillations Probabilitics and absorption

Earth
Sun 1 —
1
PeerPyy
Absorption only
0sg| 0.8 HE
206 206 |1 F
E Bl
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£ 047 £ 04
Oscillations only U s
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O ' Pre
107! 1 10 102 103 o, —
1 3 10 30 100 300

Neutrino energy in GeV _ _
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V spectra

Tau-neutrino rcgcncration

V; regeneration

200 GeV
100 GeV
50 GeV
20 GeV

10 GeV

V spectra
o

V; regeneration

02 04 06 08
E,/E5.

M. Cire”iJ N.Fornengo, T. Montaruii, I SOkalski, A. Strumia, F. Vissani, NPB 727 (2005) 99




Effect of propa gation

Earth Sun

f—
(o]

(98]

-
W
A

Correction due to propagation
[—

o
[—

Correction due to propagation

3 10 30 100 300 1000 3 10 30 100 300 1000
Vv, energy in GeV Vv, energy in GeV

Earth:

~ Affected onlg bg “atmospheric” oscillation vp©> v; at £ <100 GeV
Sun:

— Affected bg average “solar” and “atmospheric” oscillations

— Absorption suppresses neutrinos for E > 100 GeV (Partiaug converted to
lower energy neutrinos (bg NC and regeneration)

M. Cire”i, N.Fornengo, T. Montaruli, I Sokalski, A. Strumia, F. Vissani, NPB 727 (2005) 99
See also: M. Blennow, J. Edsjo, T. Ohlsson, JCAP 0801 (2008) 021 for an event-based MC aPProach



Signal at Neutrino Tclcscopcs: upgoing muons

d*N) dN, X B, do,(E,,E")
L — Ny—2 | dX dp ————"*~
dE,dE,  “dE, Jo g, " dE,

7\

Probabilitg that a muon with
energy E’u emerges with

neutrino Hux ene}:‘g}xg ,Eu aﬁlt(er travelmg a
Pat N roc

muon Pathlenght in rock

CC cross section neutrino-nucleus



Neutrino tclescopc signal from the Sun

Thru~going muons
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Bounds on capture cross section
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Annihilation in the ga'actic halo
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Flux from galactic DM
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Bounds on annihilation cross section
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lceCube PeV neutrinos

The spectral feature of the IceCube PeV events could refer
to clecaging very heavg DM: PeV scale
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