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DM exists

NGC 6503

=
2

~
S
=
=
S
E
B

10 .20 1000 2 7 N 10" 1
g Lpo) weak lensing (e.g. in clusters) ol ercunter £
galactic rotation curves ‘precision cosmology’ (CMB, LSS)

DM is a, neutral, very long lived,
feebly- interacting corpuscle.
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DM exists

NGC 6503
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galactic rotation curves ‘precision cosmology’ (CMB, LLSS)

DM is a, neutral, very long lived,
weakly interacting particle.

Some of us believe in
the WIMP miracle.

- weak-scale mass (10 GeV - 1 TeV)
- weak interactions ocv = 3 - 10 *®cm? /sec |
- give automatically correct abundance e
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A matter of perspective: plausible mass ranges
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A matter of perspective: plausible mass ranges

thermal

Ultra—light scalars, axion Vg particles

Planck scale

~30 —20 -10
10 10 10 Primordial

Thow weak scale black hole Solar mass

‘only’ 90 orders of magnitude!



A matter of perspective: plausible mass ranges

Color code: ID, DD
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direct detection
Xenon, GCDMS, Lux, Dama/Libra...

production at colliders :
LH

7Y from annihil in galactic center or halo
and from secondary emission

Fermi, HESS, CTA, radio telescopes

indirec from annihil in galactic halo or center
PAMELA, Fermi, AMSO&

from annihil in galactic halo or center

d from annihil in galactic halo or center
GAPS, AMSOZ

from annihil in halo or massive bodies
lececube, Antares, KmdNet
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basics: DM particle scatters with nuclei and loses energy

if vy < vesc Particle is gravitationally trapped
it spirals to center of body and accumulates

annihilates
Vhalo =~ 270 km /s
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basics: DM particle scatters with nuclei and loses energy
if vy < vesc Particle is gravitationally trapped
it spirals to center of body and accumulates

annihilates
Vhalo =~ 270 km /s
Vesc,0 = 620 km/s

Hesoi- = 12 km /s
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The main physical parameter is: O )y (DM-nucleon scattering cross section)



basics: DM particle scatters with nuclei and loses energy
if vy < vesc Particle is gravitationally trapped
it spirals to center of body and accumulates

annihilates
Vhalo =~ 270 km /s
Vesc,0 = 620 km/s
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The main physical parameter is: O )y (DM-nucleon scattering cross section)






Fcapt PR

DM

number
density



A.Gould 1987, 1988, 1990

DM
number

density




R@ ©.@) ’U2 —|_ /02
Leapt = Z o; dr 4mr? n(r) dv 4mv° fo (v) - . 0o
i e 0
DM scattering number
number cross section density
density on element i of element i

- -
- N

Abundance of Si
is normalized to 10°

-
o

8
c
(]
°
c
3
o
<
=
>
&
e |

SR L O AN W E DO N ® ©

Z, Atomic number




Rg o' 92 1 2
2 2 (Mesc
R E o; / dr 47r° . dv 4mvife(v) i« 0:i (U, Voesc)
i e 0
DM scattering numbper velocity
number cross section density distribution |
density on element i of element i (in solar frame, Galactic rest frame

without Sun’s gravity)

~
=
N
~
=
2
=]
=
e
=
b=}
4
el
=y
15}
Q
—
o
>
a

vo = 270 km/s

Vo = 220 km/s

0 100 200 300 400
DM velocity v in km/sec

s/uy 00 = 4




o

Ro A
oot =S / dr ir’ R | v 4o B U . (v, v o)
,L' & O

0 (9,
DM scattering numbper velocity
number cross section density distribution
density on element i of element 1 (in solar frame, Solar rest frame

without Sun’s gravity)

o

—_

9
o

vo = 270 km/s

~
-~
N’
S
=
o
p=
=
2
Z 10710
g
Q
=]
)
>
A

-- v =220 km/s

400 600

DM velocity v in km/sec
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A.Gould 1987, 1988, 1990
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from DM annihilations in the Sun

Probe the scattering ICECUBE
Cross section (competitively if SD). |
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from DM a;
Probe the scattering
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nihilations in the Sun
ICECUBE

] MSSM incl. XENON (2012) ATLAS + CMS (2012)
\ . DAMA no channeling (2008)
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Direct Detection Indirect Detection Collider
MD

DM :XSM SM DM
SM SMD SM SM>(DM
Regimes:
q ~ few KeV Vs~ 2mx Vs ~ few TeV
Basic

quantities:  oscatt H (Gann?) H Oprod

Can one relate? -in general terms: NO
- in a specific model: YES / MAYBE

regimes ave different, different uncertainties...
different parameters of Your model may enter...

- in an effective operator approach: YES*
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X
On top of the SM, add only one extra multiplet A= ( ’? )

L= 7 ?E(le + M)X if X is a fermion
L = Loy + ‘DMX|2 — MQ‘X|2 if X is a scalar

and systematically search for the ideal DM candidate...




X
On top of the SM, add only one extra multiplet A= ( ’? )

L= 7 ?E(le + M)X if X is a fermion
L = Loy + ‘DMX|2 — 2‘X|2 if X is a scalar

gauge interactions the only parameter,
Y, and will be fixed by {2pn.

and systematically search for the ideal DM candidate...
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SU(2)r, | U(1)y | spin

InND
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The ideal DM candidate is

)

Xo
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these are all possible choices:

n <5 for fermions
n <7 for scalars

to avoid explosion in the running coupling
03 (B) = a7 (0) - 2 1y
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SU(2)r, | U(1)y | spin
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The ideal DM candidate is

Each multiplet contains a neutral component
with a proper assignment of the hypercharge,
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SU(2)r, | U(1)y | spin
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Each multiplet contains a neutral component
with a proper assignment of the hypercharge,
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The ideal DM candidate is

1ined

by the relic abundance:

6 107 27cm3s—1
0 = >~ (.24
i (T v)

for X scalar
) F 16 Y g5 + 89597 Y (n? — 1)
647 M2 Jx

(0 AV) ~

for X fermion
Gy (20 + 17— 19) + 4Y2g3 (41 4 8Y2) + 16622 Y (n? - 1)
1287 M? gy

(040) ~

(- include co-annihilations)
(- computed for M > Mz w)



The ideal DM candidate is

SU(2). | U(D)y | spin Non-perturbative corrections

9 1/2 S (and other smaller corrections)
= F | 10 | induce modifications:
0 - I 5o I <O'ann?J> i R 3 <O-annv> o <O-annv>p—wave
3 g I el I with R ~ O(few) — O(10%)
1
E |
e L5 |
; F_| |
. S | |
3/2 - I I
, |8 | S
Flo 1
s | |
A=
S
‘e |

1~J
-
s
DO
S



SU2)r |U(1)y |spin | M (TeV

S
2 1/2 -
0 f;I

1
B
S

1
/2F|
: 32 |5 |
Bl
N
F |
S
5 1 F |
L
Fl

1~J
-
s
DO
S

The ideal DM candidate is

DN
~ oo

9.4
10

AM(MeV)

348
342
166

166
540
526
303
347
729
i
166
166
537
534
906
900
166

EW loops induce
a mass splitting AM
inside the n-uplet:

Mg — Mg = 2t {(Q* — Q™)st F (7
with f(r) =5 —27r

The neutral component
1s the lightest

_|_
S
|
Q
S
_'_
Q
I
)
o
i
:
|
s
<5
N

"



The ideal DM candidate is

Listall allowed SM couplings:
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The ideal DM candidate is

Listall allowed SM couplings:
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The ideal DM candidate is
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by direct searches!



The ideal DM candidate is

S
= s Fl 18
s | 2
; Fl
=Y SI
1
P
S
1
/2F|
: 32 |5 |
r
, |5 | .
Fli g
S |
5 e
, ]
7l

342
166

166
540
526
303
347
729
i
166
166
537
534
906
900
166

7 iy
mmE

*

hﬁﬁh
\.h m
v

HHH*
(LHH*)

HHH
(LHH)
(HHH*H*)
(HH*H*H*)
(H*H*H*H?)

1~J
-
s
DO
S
I

and

by direct searches!

Candidates with Y #0
interact as
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> present bounds
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need Y =0




The ideal DM candidate is
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E.g. Minimal DM:

Posgitrons:

-mass Mpy = 9.7 TeV
-annihilation DM DM — WTW—
-boost B ~ 30

Anti-protons:

PAMELA 08

positron fraction

T T TTTTT \‘\\HHH

4e®

Boost = 50

[N | /

[ of _
I : L \ Ll [ O

Energy in GeV

10° 10 102 10° 10*

P kinetic energy in GeV



BE.g. Minimal DM: triplet or quintuplet

DM halo model: NFW p propagation model: med

LR I T TTTTT I T TTTTT I T TTTTT s T TTTTTd I T TTTTT I T TTrTrrm

7 flux in 1/m?sec sr GeV
7 flux in 1/m?sec sr GeV

boost B = 10

| L1 11l | L1 Ll L Ll

/
,/ boost B=10

10! 102 103 10° 10! 102 103

O U 0 1 0 1 0 0 S 1V A NN n i

S L L L AL L L L O AL O LU R

p kinetic energy 7' in GeV p kinetic energy 7 in GeV




one-loop interactions

2

W _ 2 1 ovy2y 05 1 ENT> _ .2 5 _
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Spin-Independent Spin-Dependent
larger for higher n My 1
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(NB: no free parameters => one predicted point per candidate)
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gxgs(n® —1) 3? if X is a fermion
= 1382475 P\ 3-5° IRRATIROE

RRTOI - ” w R Events at LHC

(similarly oua, 043, Oda) b = \/1 —4M?2/3 [ £ dt =100/fb

: (0.7 +2) - 10°
Large production for small M . 120 + 260
0.2-=1.0
2 x LHC to produce heavy candidates. 0.4+ 22
11+ 33

A clean signature: e

3.6 18
0.1 +-0.6
2.7+ 14
S )
<1
<1

BR. = 2.05%

BR,, = 0.25%

T~ 44cm/(n® — 1)
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Direct Detection Indirect Detection Collider
MD

DM :XSM SM DM
SM SMD SM SM>(DM
Regimes:
q ~ few KeV Vs~ 2mx Vs ~ few TeV
Basic

quantities:  oscatt H (Gann?) H Oprod

Can one relate? -in general terms: NO
- in a specific model: YES / MAYBE

regimes ave different, different uncertainties...
different parameters of Your model may enter...

- in an effective operator approach: YES*
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a) Operators for Dirac fermion DM (b) Operators for Complex scalar DM
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a) Operators for Dirac fermion DM (b) Operators for Complex scalar DM
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a) Operators for Dirac fermion DM (b) Operators for Complex scalar DM
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a) Operators for Dirac fermion DM (b) Operators for Complex scalar DM
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\s=7TeV, 4.7 fb™', 90%CL \s=7TeV, 4.7 b, 95%CL
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A matter of perspective: plausible mass ranges

Color code: ID, DD
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‘only’ 90 orders of magnitude!
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What if a signal of DM is already hidden
in Fermi diffuse 7 data from the GC%
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What if a signal of DM is already hidden
in Fermi diffuse 7 data from the GC?
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What if a signal of DM is already hidden
in Fermi diffuse 7 data from the GC?
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What if a signal of DM is already hidden
in Fermi diffuse 7 data from the GC?

Objection: know your backgrounds!

o r low-E SgrA
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What if a signal of DM is already hidden
in Fermi diffuse 7 data from the GC?

m=30 GeV, bb
\ emm =

Best fit: 8 GeV, t* v, ~thermal ov

[A diffuse GeV excess]

t from around the GC

5 mpy=30 GeV, bb

E? dN/JE (GeV cm™@ s7%)
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Objection: know your backgrounds!

Total spectrum, HG10 @

add
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pulsars

No, too few

(and we should have seen them elsewhere)

— and wrong spectra

Dark Matter
— — Point Source
---- Galactic Ridge (n°- y7)

No no, MSPs can do.

Figure 5: Simulated spatial distribution of the bulge MSPs.

(LMXB (tracers of MSP?)
seen in M31 with this distribution)
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What if a, signal of DM is already hidden
in Fermi diffuse v data from the GC?%
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What if a, signal of DM is already hidden

in Fermi diffuse v data from the GC?%
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What if a, signal of DM is already hidden

in Fermi diffuse v data from the GC?
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What if a signal of DM is already hidden
in Fermi diffuse 7 data from the GC?

Using events with accurate
directional reconstruction
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Best fit:
a114- } ~35 GeV, quarks, ~thermal ov
I A compelling case e
? fOP a’nnlhl]-a'tlng DM As found in previous studies [8,/9], the inclusion of the
‘ i dark matter template dramatically improves the quality
L o Atyel _J of the fit to the Fermi data. For the best-fit spectrum and

halo profile, we find that the inclusion of the dark matter

template improves the formal fit by Ax? ~ 1672, cor-
responding to a statistical preference greater than 40c.




What if a signal of DM is already hidden
in Fermi diffuse 7 data from the GC%

Including secondary emission

changes the conclusions
But: propagation is approximate
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An excess with respect to what?
Extracting ‘data points’ is not trivial:

i. choose a ROI (shape, extension, masking...) and harvest Fermi-LAT data
ii. impose sensible cuts (Pass N, angles, CTBCORE...)
iii. in each energy bin, fit to a sum of spatial templates:
1. Fermi Coll. diffuse
. isotropic
3. unresolved point sources
4., features (bubbles...)
5. AOB (molecular gas...)
iv. repeat the same, adding a template for:
6. Dark Matter, having chosen a certain profile!
v. if iii.— iv. improves x*, there’s evidence for DM
vi. the component fitted by 6 is the residual excess to be explained

Adding 6 will in general change the recipe of 1...5 (you'll need a bit more of x here, a bit less of y there...).
Changing the profile of 6 too.
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Non-trivial

'r low-E SgrA
spectrum

A transient phenomenon:

the GC spit 10% ergs in e* 1 mln yrs ago and they do ICS on ambient light,
‘fits’ both spectrum and morphology

— bo, 1, Ep
""" - 0.3bg,3 1

""" -03bg,31,2E

-------- 3 bo, 0.3 t, 0.5 EO

05 10 200 50 1
E [GeV]

psi [deg]

put: can one really get everything right?

a SN explosion spits protons 5000 yrs ago and they do spallations +
bremsstrahlung as well as e* which do ICS... fits spectrum & morphology

E? dN/dE [GeV /em® /s/s1]
Flux [arbitrary /st]

PLExp2: p.=166.85,T"=2.13, x> /17 d.o.f. =1.31
e =13.71, T, =1.92, T, =2.62, x? /16 d.o.f. =1.20
4:p,,=11.05,T, =1.65, T, =T, +1, x*> /17 d.o.f. =1.17

but: why correlation with gas density not seen?
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NB: no heavy Q nor t in nuclei,
Scalar : w Fl6l+ 6l f but DD applies because of
Pseudoscalar : X°x f [Gﬁs PS AY ] f, 1-100p dlagPa,mS

Vector :

Pseudovector :

Tensor :

Vector operator, bb final state (G5, = 0)
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Fermionic Dark Matter

Annihilation cross section . .
Operator Channel 5 s 5 . DD cross section | s/A? (%)
Mm% suppression | v° suppression

T+
cc

Scalar : x [ |GL+ GSA’y f, aq
7t (76.3)
p 1 . _ f Zg 558.2;

. — 57.5
seudoscalar : XVx f [GPS PS AY ] f, =
7rr— (76.3)

_ e f cc (58.2)
Vector : XY fru [GV VA7 ] f, bb (57.5)

qq (57.8)

+r— (76.3)
Pseudovector : — X" x f. [Gf pv + GPVA7 ] f, % (575

a9

77— (76.3)

Tensor : — Yoty fo'W [Gf + GTA7 ] f, cz (58.2)

bb (57.5)

Vector operator, bb final state (G5, = 0) Vector operator, cc final state (G5, = 0) Vector operator, T*1~ final state (G4, = 0)
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DM particle

annihilations

produce

free electrons M’\'\, /"
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constraints on <ov> from CMB

Similar conclusion
from global CMB fits




Similar conclusion
from global CMB fits
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DM particles
annihilations may

inject too much energy
that destroys forming
nuclei: stringent bounds!













DM exists

DM searches are inherently multipronged:
direct, indirect, collider.

Complementarities are difficult:

- either in the special case of DMv from the Sun
- Or in a specific model

-or in a EFT approach (with caveats)



DM exists

DM searches are inherently multipronged:
direct, indirect, collider.

Complementarities are difficult:
- either in the special case of DMv from the Sun

- Or in a specific model
-or in a EFT approach (with caveats)

Associated signals might be more promising.



DM exists

DM searches are inherently multipronged:
direct, indirect, collider.

Complementarities are difficult:

- either in the special case of DMv from the Sun

- Or in a specific model
-or in a EFT approach (with caveats)

Associated signals might be more promising.

Beware of uncertainties and backgrounds.



