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Part I. Model Independent

- intro

on DM

- basics of DM indirect detection
- the data from PAMELA, ATIC...

- implications for DM
- astrophysical explanations?
- the data in Sgamma. r
- implications for DM

ays and radio

Part II1. Tools and models
- challenges for ‘conventional’ DM

- enhaj

ncements (Som

- new models of DM
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i -CMB - DM
- acoustic peak in baryons

2 = 'O—x; CMB first peak = Qo =
Pe

L OReNR what’s the difference
i _ between DM and DE?
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1) galaxy rotation curves
UC(T) o \/QGNM(T‘)

r
V(1) ~ const = par(r) ~ %2
n
Qpp > 0.1

10 20
Radius (kpc)

-~ halo




3%

F5 i Ly i

halo

| D a!!k ‘Mafter X-ray G,as

Py - .-. S
--.“? ".-.. ..

i'
&%
.
v.

“bullet cluster” - NASA
astro-ph/0608407



ixy

FyrsE

ion ¢

2) cluster

- “rotatic
- gravitat

“bullet cluster” - NASA

ph/0608407

astro



3%

F5 i Ly i

halo

| D a!!k ‘Mafter X-ray G,as

Py - .-. S
--.“? ".-.. ..

i'
&%
.
v.

“bullet cluster” - NASA
astro-ph/0608407



NGC 6503

1) galaxy rotation curves
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R) clusters of galaXiess -2 1 O ()2 = (.4

3) CMB+LSS(+SNIa)
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How would the power spectra be without DM (a,ndd‘. no other exti’a, inéfédient)

Multipole ¢

: : (you need DM to gravitationally
(in particular: no DM => no 3@ peak!) “catalyse” structure formation)
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1) galaxy rotation curves iy

&) clusters of galaxies

3) CMB+LSS(+SNla:) caiies.

DM exists.

It consists of a particle.
Permeates galactic haloes.
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What is the DM??

It consists of a particle.
Permeates galactic haloes.
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Boltzmann equation
in the Early Universe:
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direct detection
Xenon, CDMs (Dama/Libra?)

production at colliders -
LH

from annihil in galactic halo or center
(line + continuum) Fermi

indirec from annihil in galactic halo or center
PAMELA, ATIC, Fermi
from annihil in galactic halo or center

from annihil in galactic halo or center
GAPS

from annihil in massive bodies
lcecube, KmsNet
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a DM of around 60 GeV?
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DAMA /Libra Xenon, CDMS, KIMS, Coupp...
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Indirect Detection

pand - from DM annihilations in halo
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Indirect Detection
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Indirect Detection

pand from DM annihilations in halo
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Sun .
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Indirect Detection

pand from DM annihilations in halo
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Indirect Detection

pand from DM annihilations in halo
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diffusion energy loss convective wind source spallations



Indirect Detection

pand from DM annihilations in halo

What sets the overall expected flux?
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flux «xn O annihilation



Indirect Detection

pand from DM annihilations in halo

What sets the overall expected flux?
flux o<n

astré?
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Indirect Detection

pand from DM annihilations in halo
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What sets the overall expected flux?

flux xn

astrc)? reference cross section:
cosmo ov = 3 -10"*%cm*” /sec




From N-body numerical simulations:

Halo model

Cored isothermal
Navarro, Frenk, White
Moore

Einasto | a=0.17 rs = 20kpc
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cuspy: NEW, s
. 10~
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[OV)

1

smooth:



Boost Factor: l
boost the flux fro'[}

Hor illustration:

Milky Way

Resolved Clumps

Milky Way

Kuhlen, Diemand, Ma.dau 200*?

Bertone, Branchini, Pieri 2007




Boost Factor: local clumps in the DM halo enhance the density,
boost the flux from annihilations. Typically: B ~ 1 — 20

In principle, B is different for e*, anti-p and gammas,
energy dependent,
dependent on many astro assumptions (inner density profile of clump, tidal disruptions and smoothing...),
with an energy dependent variance, at high energy for e, at low energy for anti-p.

positrons antiprotons

I Lavalle, J. Pochon, P. Salati & R. Taillet {2006)
NFW DM Halo — p o 1 /r Varying sub-halo spatial distribution
a_... — =29 kpc ."I cored + inner NFW

B smooth NFW + inner NFW

Clump Fraction f = 0.2 /A
3, = 100 ~ smooth NFW + inner Moore
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Positrons from PA MELAS

92 GeV positron event
Payload for -
Anti-
Matter
Exploration and
Light-nuclei
Astrophysics

calibrated on accelerator fluxes

magnetic spectrometer:
charge and energy

calorimeter: 6= vs p/p

Big challenge: backgnd contamination
from p (10* more numerous at 100 GeV)



Positrons from PA MELAS

- steep e’ excess
above 10 GeV! .  PAMELAO
- very large flux! '
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Positrons from PA MELAS

- steep e’ excess
above 10 GeV! .  PAMELAO
- very large flux! B< TUE S
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Antiprotons from PANEEAS

- consistent with
the background

PAMELA 08

Pamela Coll. 2008,
submitted to PRL
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(about 1000 p collected)







Background computations for positrons:

e 45 550 main source: CR nuclei

o o ;
ot |+ 650 E23 - 1500 EB2-2 spallating on IS gas

(I)bkg — P kg, prim g (I)bkg,sec ¥ 06 E ! | 0.70 EO-7

- 1+ 11E99 +32E%15 ' 1 +110E5 + 580 E42

(&

On the basis of CR simulations of

More recently:

=
S
=
Q
=
Gy
=
S
=
o -
N
S
&,

We marginalize w.r.t. the slope
EP, = 10.05
and let normalization free.

energy in GeV



Background estimation for positrons:

T. Delahaye et al {2008)

HEAT 94+85+2000 4

CAPRICE 94 =
MASS 91 ©

PAMELA 08
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MIN prop

. MED prop p = 600 MV
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electron fluxes 10

TOA Positron energy |[GeV]



“PAMELA did not do in-flight checks of the p rejection rate”

10.0
Energy 1GeV ‘

: 0-5
o rejection Of 19,

PAMELA claims




“PAMELA did do in-flight checks of the p rejection rate”

Method: in the calorimeter, leptons leave all their energy and on the top;
protons leave little energy and in the bottom.

Pro
ton backgroun evaluation

Fraction of charge
rele_ased along the
calorimeter track (left

hit, right) ~

P.Papini (PAMELA coll.), GGI conference, 02.2009

Number of eyvants

(pre-sempler method)

. .0. = 05 06
raction of Snergy along the track

Proton selectign

Q.
3 - _0.4 a5 08 0.7
raction of =nergy along the track |

. ' - Positron selecﬁon-

a3 0 '
Fram,:;:,:,,- 05 05 g 0
~100 of energy along the track ° >
Wwithin one Moliere radius

Step |: use the
upper portion of the
calorimeter to select
electrons only

(p negligible)

Step 2:shower in lower

portion selects
protons only

Step 3: full analysis
(see that peak is
statistically consistent
with e peak of step )



Background computations for antiprotons:

log,o®s ¢ = —1.64 + 0.0F7 TSR (28 T = log, T/GeV

BESS 95+97 BESS 88 AMs 98

i i
N g
b,
%

SECONDARY SPECRRUM
PROPAGATION UNCERTAINTY BAND

Solar Minimum with ¢, = 500 MV

Scan with B/C compatible data and ALL & \

We marginalize w.r.t. the slope
EP, = 10.05
and let normalization free.










Which DM spectra can fit the data®?

E.g. a DM with: -mass Mpy — 150 GeV
-annihilation DM DM — W1tW
(a possible Supersymmetric candidate: wino)

Positrons:

PAMELA 08
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background?

10 10? 10° 104

Positron energy in GeV



Which DM spectra can fit the data®?

Eg a DM with: -mass Mpy = 150 GeV
-annihilation DM DM — W1tW
(a possible Supersymmetric candidate: wino)
Positrons: Anti-protons:
- PAMELA 08

Positron fraction

- background?
- background?

10 10? 10° 104 10 107 10°

Positron energy in GeV P kinetic energy in GeV







Which DM spectra can fit the data®?

E.g. a DM with: -mass Mpy — 10 TeV
-annihilation DM DM — WTW ™~

Positrons: Anti-protons:

PAMELA 08 //
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Qo
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backgiibund?
| back grnund‘;-"'

10 10* 10°

Positron energy in GeV P kinetic energy in GeV




Which DM spectra can fit the data®?

E.g. a DM with: -mass Mpy — 10 TeV
-annihilation DM DM — WTW
but...: -Ccross sec
Positrons: Anti-protons:

PAMELA 08 //
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=
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&
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B
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backgiibund?
| back grnund‘;-"'

boost = 20000 _ boost = 20000

10 10* 10°

Positron energy in GeV P kinetic energy in GeV




Which DM spectra can fit the data®?
Model-independent results:
it to PAMELA positrons only

1000 3000 10000 30000
DM mass in GeV




Which DM spectra can fit the data®?
Model-independent results:

-l

t to PAMELA positrons + anti-protons

1000 3000 10000 30000
DM mass in GeV




Which DM spectra can fit the data®?
Model-independent results:
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t to PAMELA positrons + anti-protons
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(1) annihilate into leptons (e.g8. ™ u ")



Which DM spectra can fit the data®?
Model-independent results:

ol

t to PAMELA positrons + anti-protons

40 . ] A1)

1000 3000 10000 30000
DM mass in GeV
(1) annihilate into leptons (e.g. u' ) or
(2) annihilate into W W~ with mass > 10 TeV



Which DM spectra can fit the data®?
Model-independent results:

Cross section required by PAMELA

1061[I11[ I T T T T TTT1 T I
————————

Boost factor B,
B, ovin cm3/ sec

300 1000 3000 10000
DM mass in GeV



The signals from heavy, non-leptons-only DM
are interesting!

TOA d—flux: from yy — bb: best and worst cases DM DM - W+ W~

current BESS limit

W dashed: best case: NFW, prop.: max
dotted: worst case: isothermal, prop.: min

® in (m? sr s GeV/n)™!
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Improved computation,
including QCD jets.



Electrons + positg ons ' PB-BETS:

Polar

Patrol

Balloon

of the
Balloon-borne
Electron
Telescope with
Scintillating
fibers

Advanced
Thin
Ionization
Calorimeter

- bigger/denser: higher energy

- calorimeter only, no magnet:
no charge discrimination



Electrons + positrons from ATIC, PPB-BETS:

ATIC-2 (2003

g an e—l_ —I_ 6_ eXCeSS PPB-BETS (2008
at ~700 GeV?2%
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Which DM spectra can fit the data®?

A DM with: -mass Mpy — L TeV
-annihilation DM DM — u " p—

Positrons: Anti-protons: Electrons + Positrons:
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Which DM spectra can fit the data®?

A DM with: -mass Mpy — L TeV
-annihilation DM DM — u " p—

Positrons: Blectrons + Positrons:
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Have we identified the DM

for the first time?%<

Energy in GeV
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Which DM spectra can fit the data®?

Model-independent results:
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t to PAMELA positrons” + balloon experiments
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DM mass in GeV

*adding anti-protons does not

change much, non-leptonic
channels give too smooth

spectrum for balloons



Which DM spectra can fit the data®?

Model-independent results:

ol

t to PAMELA positrons” + balloon experiments

AN mememm—-—-—— 2
10 VoW VAN ‘

pulsar with
O EPetM

1000
DM mass in GeV

(1) annihilate into leptons (e.g8. u' 1), mass ~1 TeV



Japan + Sweden)

“Designed as a high-sensitivity “The very large collection area of ground-
gamma-ray observatory, based gamma-ray telescopes gives them a
the FERMI Large Area Telescope substantial advantage over balloon/satellite
is also an electron detector based instruments in the detection of high-

with a large acceptance” energy cosmic-ray electrons.”



Electrons + positrons adding FERMI and HESS:

FERMI 2009
HESS 2009
HESS 2008
ATIC 2008

-no e’ + e~ excess
- spectrum ~ E 3%
- 8 (smooth) cutoff?
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keynote:/Users/mcirelli/Documents/talks%20and%20seminars/31.DMinCR/15.DMinCR.TANGOinPARIS.30min.key?id=BGSlide-60
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Which DM spectra can fit the data®?

FERMI 2009
HESS 2008
ATIC 2008

E (¢ +eh) in GeV? /cmzs ST

FERMI 2009
HESS 2008
ATIC 2008
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Which DM spectra can fit the data®?

Notice:
FERMI 2009 - same spectra still fit PAMELA positron and anti-protons!

HESS 2008
ATIC 2008
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Which DM spectra can fit the data®?

Notice:
FERMI 2009 - same spectra still fit PAMELA positron and anti-protons!

HESS 2008
ATIC 2008

FERMI 2009
HESS 2008
ATIC 2008

E (¢ +eh) in GeV? /cmzs ST

W W™, Mpy =~ 10 TeV

Energy in GeV
FERMI 2009
HESS 2008
ATIC 2008

Energy in GeV
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- no features in FERMI => Mpy > 1 TeV
- a ‘cutoff’ in HESS => Mpum = 3 TeV A _
- smooth lepton spectrum




Which DM spectra can fit the data®?
Model-independent results:

it to PAMELA + FERMI + HESS (no balloon):

DM annihilation

pulsar with
O =EPe M

1000 3000 10000 30000
DM mass in GeV

annihilate into leptons (e.g. 7" ), mass ~3 TeV






Or perhaps it’s just a young, nearby pulsar...

‘Mechanism’: the spinning B of the pulsar strips e that

emit v that make production of e™ pairs that are trap-
ped in the cloud, further accelerated and later released

at 7~ 0 — 10°yr (typical total energy output: 1046 erg).
Must be young (T < 10° yr) and nearby (< 1 kpce);
if not: too much diffusion, low energy, too low flux.

.. Predicted flux: ®.: ~ E " exp(E/E.) with p~ 2 and
‘ E. ~ many TeV

(1.4 < p < 2.4, Profumo 2008)

s Daugherty et al. 75

o Buffington et al. "75
® Golden et al. '87
a Muller and Tang ‘87
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Or perhaps it’s just a young, nearby pulsar...

‘Mechanism’: the spinning B of the pulsar strips e that

emit v that make production of e™ pairs that are trap-
ped in the cloud, further accelerated and later released
at 7 ~ 0 — 10° yr.

S . - Must be young (T < 10° yr) and nearby (< 1 kpce);

. . if not: too much diffusion, low energy, too low flux.
Geminga. pulsar Predicted flux: ®.- ~ E Pexp(E/E.) with p~ 2 and
(funny that it means:

“it is not there” in milanese) EC ~ 1Nany TeV
Try the fit with known nearby pulsars:

TABLE 1 100.0 Geminga and BO656+14
List orF NearBY SNRs

Distance Age
(kpc) (y1)

SN I85 e 0.95 1.8 x
SI47 e 0.80 46 x

HB 21, 0.80 1.9
G65.3+5.7 oo 0.80 20
Cygnus Loop......ccu.e... 0.44 2.0
Vela ..o 0.30 1.1
Monogem ........ccoceeereenn. 0.30 8.6
Loopl e 0.17 2.0
Geminga.......ccceeveeereenne 0.4 3.4




Or perha,ps it’s just a young, nearby pulsar...

‘Mechanism’: the spinning B of the pulsar strips e that
emit v that make production of e™ pairs that are trap-

ped in the cloud, further accelerated and later released
NT a,tTNO—>105yr.
e+ Must be young (T < 108 yr) and nearby (< 1 kpc);
. a if not: too much diffusion, low energy, too low flux.
Geminga pulsar Predicted flux: ®,- ~ E P exp(E/E,) with p~2 and
E. ~ many TeV
Try the fit with known nearby pulsars and diffuse mature pulsars:

diffuse mature &

nearby young
pulsars
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Or perha,ps it’s just a young, nearby pulsar...

‘Mechanism’: the spinning B of the pulsar strips e that

emit v that make production of e™ pairs that are trap-
ped in the cloud, further accelerated and later released

.- at 7 ~ 0 — 10° yr.
e+ Must be young (T < 10° yr) and nearby (< 1 kpe);

. a if not: too much diffusion, low energy, too low flux.
Geminga pulsar Predicted flux: ®.+ ~ E Pexp(E/E.) with p~2 and

E. ~ many TeV
ATIC needs a different (and very powerful) source:

o=2, MED diffusion setup, ST model a=2, MED diffusion setup, ST model
B0355+54.. Vela.

/" 'Monogem (B0656+14)~
! I ™\ s

=
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1000
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Or perha,ps it’s just a young, nearby pulsar...

‘Mechanism’: the spinning B of the pulsar strips e that

emit v that make production of e™ pairs that are trap-
ped in the cloud, further accelerated and later released

at 7 ~ 0 — 10° yr.

! arcil . = Must be young (T < 10° yr) and nearby (< 1 kpce);
. - if not: too much diffusion, low energy, too low flux.
Geminga pulsar Predicted flux: ®.» ~ E Pexp(E/E.) with p~ 2 and

E. ~ many TeV
PAMELA + FERMI + HESS can be well fitted by pulsars:

% HEAT (2001) v HESS (2009)
A BETS (2001) ° (2009)
O AMS-01 (2002)

B ATIC—1,2 (2008)

% PPB—BETS (2008)

¥ HESS (2008)
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Or perha,ps it’s just a young, nearby pulsar...

‘Mechanism’: the spinning B of the pulsar strips e that

emit v that make production of e™ pairs that are trap-
ped in the cloud, further accelerated and later released
at 7 ~ 0 — 10° yr.

P \._., Must be young (T < 10° yr) and nearby (< 1 kpce);

N . - if not: too much diffusion, low energy, too low flux.
Geminga pulsar Predicted flux: ®.+ ~ E Pexp(E/E,) with p~ 2 and

E. ~ many TeV

Open issue.

(look for anisotropies,

(both for single source and collection in disk)

antiprotons, Sammas...

(Fermi is discovering a pulsar a week)

or shape of the spectrum...)
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Indirect DM searches are powerful and promising.

The recent PAMELA results might be a breakthrough:
excess in positrons, nothing in anti-protons.

Would anything go with PAMELA% Not at all!

DM must - annihilate into leptons (e.g. u™p ™) or
- annihilate into W W~ with mass > 10 TeV

and you need a huge flux.

Adding balloon (ATIC, PPB-BETS), FERMI and HESS data.:
DM must annihilate into leptons with mass few TeV.
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Indirect DM searches are powerful and promising.

The recent PAMELA results might be a breakthrough:
excess in positrons, nothing in anti-protons.

Would anything go with PAMELA% Not at all!

DM must - annihilate into leptons (e.g. 1 1) or
- annihilate into W W~ with mass > 10 TeV

and you need a huge flux.

Adding balloon (ATIC, PPB-BETS), FERMI and HESS data.
DM must annihilate into leptons with mass few TeV.

Not your garden variety vanilla, DM...

Will it be just some young, nearby pulsar?
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Indirect DM searches are powerful and promising.

The recent PAMELA results might be a breakthrough:
excess in positrons, nothing in anti-protons.

Would anything go with PAMELA% Not at all!

DM must - annihilate into leptons (e.g. 1 1) or
- annihilate into W W~ with mass > 10 TeV

and you need a huge flux.

Adding balloon (ATIC, PPB-BETS), FERMI and HESS data.
DM must annihilate into leptons with mass few TeV.

Not your garden variety vanilla, DM...

Will it be just some young, nearby pulsar?
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Indirect Detection

v from DM annihilations in galactic center

Galactic Bulge Norma Arm

Scutum Arm

Sagittarius Arm ' ' Local Arm

Sun
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Indirect Detection

v from DM annihilations in galactic center

Galactic Bulge Norma Arm

Scutum Arm

Sagittarius Arm ' ' Local Arm

Sun

' )
DM: ,’W_,Z,b,T_,t,h...WGZF,(p), D ... and7y
DM \*WJF,Z,B,TJF,f,h...wei,(];),(l_))..

. a,ndry



v from DM annihilations in galactic center

Galactic Bulge Norma Arn
Scutum Arm ‘\ |
\ \ j Crux Arm

OQuter Arm Carina Arm

Perseus Arm

Sagittarius Arm
Sun

| )
,’W_,Z,b,’i'_,t,h...We:’:,(p), D ... and"y

dlogN, /dlogE

b b =) =)
\‘W+,Z,b,7'+,t,h...«~>ei, p), TD e a,ndry

typically sub-TeV energies



Indirect Detection

~+ from DM annihilations in Sagittarius Dwarf

Galactic Bulge .gf“ \ \w‘: Norma Arm

Scutum Arm

Sagittarius Arm ' ' Local Arm

' Sun
| (=) (=)
e LW, Zb Tt h.. .~ €T, P D ... and7y
) _ (=) (=)
DM SsWH 25,7t B b et DD ..

. a,ndry



Indirect Detection

radio-waves from synchrotron radiation of ¢ in GC

Galactic Bulge Norma Arm -

Scutum Arm

Sagittarius Arm ' : ' Local Arm
Sun .



radio-waves from synchrotron radiation of in GC

Galactic Bulge Norma Arm

Scutum Arm

Crux Arm

OQuter Arm Carina Arm

Perseus Arm
10° r

"'---...______._.Eqllip‘dﬂ-iﬁUH B (energy in B ~ kinetic energy)

Sagittarius Arm 107

- compute the population of ¢ !
from DM annihilations in the GC |

- compute the synchrotron emitted power
for different configurations of galactic /5

(assuming ‘scrambled’ B; in principle, directionality
could focus emission, lift bounds by O(some))

constant B



Indirect Detection

7 from Inverse Compton on ¢ in halo

[N Norma Arm
e

Crux Arm

Carina Arm

Perseus Arm

Sagittarius Arm  °* . ' Local Arm
Sun :

- upscatter of CMB, infrared and starlight photons on energetic ¢~
- probes regions outside of Galactic Center
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HESS has detected 7y-ray
emission from Gal Center
and Gal Ridge. The DM signal

must not excede that.
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HESS has detected 7y-ray
emission from Gal Center
and Gal Ridge. The DM signal

must not excede that.
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HESS has detected 7y-ray
emission from Gal Center
and Gal Ridge. The DM signal

must not excede that.
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a) M = 10 TeV into W* W™, Galactic Center b) M = 1TeV into u~ u*, Galactic Ridge
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HESS has detected 7y-ray
emission from Gal Center
and Gal Ridge. The DM signal

must not excede that.

Galactic latitude b (deg)

Moreover: no detection from
Sgr dSph => upper bound.

a) M = 10 TeV into W* W™, Galactic Center b) M = 1TeV into u~ u*, Galactic Ridge

S I T T

LI

cm® /sec
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E’? dN, /dE in TeV/cm®sec
dN, /dE in 1/cm®sec TeV sr
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Several observations detected

radio to IR emission from the
Gal Center. The DM signal

must not excede that.
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Several observations detected

radio to IR emission from the
Gal Center. The DM signal

must not excede that.

Davies 1978 upper bound
at 408 MHz.
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Several observations detected

radio to IR emission from the
Gal Center. The DM signal

must not excede that.

Davies 1978 upper bound
at 408 MHz.

VLT 2003 emission
at 104 Hz.

integrate emission
over a small angle
corresponding to
angular resolution
of instrument
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EGRET and FERMI have
measured diffuse 7y-ray

emission. The DM signal e o A e T
must not excede that. s s
O -. W ‘» _..
Lo
/v Crodit: NASA/DOE/Fermi LAT Collaboration
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EGRET and FERMI have
measured diffuse 7y-ray

emission. The DM signal —
must not excede that. . Sl " S

See Paolo Panci’s
talk tomorrow

10x60 region 10-20 region
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DM DM - u*u~, NFW profile

S
The PAMELA
and ATIC regions

are in conflict
with gamma
constraints,
unless...

10° 10*
DM mass in GeV




DM DM - e e, NFW profile ) DM DM - u*u~, NFW profile DM DM - 717, NFW profile
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DM DM — u™ u~, isothermal profile DM DM - 7717, isothermal profile
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...not-too-steep profile needed.




DM DM — u™ u~, isothermal profile DM DM - 7717, isothermal profile
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...not-too-steep profile needed.

Or: take different boosts here (at Earth, for e*) than there (at GC for gammas).
Or: take ad hoc DM profiles (truncated at 100 pc, with central void..., after all we don’t know).




DM DM — uu, Einasto profile

EGRET 5x30

EGRET 10x60
EGRET 10-20
FERMI 10-20

these ga

The PAMELA and
ATIC regions are
in conflict with
m:

(113,

constraints,
and here...
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DM DM - 171, Einasto profile

DM particles that fit
PAMELA+FERMI+HESS
produce too many

free electrons:

bounds on optical depth

of the Universe violated
T =0.084 £+ 0.016 (WMAP-5yr)

| A L B RLBR

== == ot = 0.062




(indicatively) PAMELA
3 *FERMI+HESS

DM particles that fit
PAMELA+FERMI+HESS
inject too much energy
that destroys forming
nuclei: stringent bounds!
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Which DM spectra can fit the data®?
Ok, let’s insist on Wino with: -mass My = 200 GeV

—annihilation DM DM — WtTW ™

If one: - assumes non-thermal production of DM

- takes positron energy loss 5 times larger than usual

- takes “min” propagation only

- gives up ATIC

- neglects conflict with EGRET bound (4 times too many gammas)
then:

Positrons:

Positron Flux for 200 GeV WIMP with Varying Propagation Model

Anti-proton flux for 200 GeV WIMP with Varying Propagation Model

PAMELA data ———
Astro Background

Signal with Background (min) e
Signal with Background (max)

Pamela Data ———

Astro Background
Signal and Background (max) -------
Signal and Background (min) o

-
@
+
+

2

_
+
@

10

Energy [GeV] Energy [GeV]




Which DM spectra can fit the data®?
Ok, let’s insist on Wino with: -mass M = 180 GeV
annihilation DM DM — WTW

and - revise drastically the computation of the anti-proton background
- assume non-thermal production of DM
- assume other explanation for FERMI (astrophysics?)

then
Positrons: Anti-protons:

wino signal(with dff)+background
wino signal+background
------------- background

—+— PAMELA

10 10 100
Energy (GeV) Kinetic Energy (GeV)




Which DM spectra can fit the data®?
Ok, let’s insist on KK DM with:

-mass Mpn = 600 — 800 GeV
-annihilation DM DM — ("l (BR = 60%)
DM DM — qg (BR = 35%)

Good fit with: - boost B = 1800
oo -Lhnlelalnle 1M B: K (E.) = 1.4 x 10*° (E. /4 GeV)"* cm? /s, L=1 kpc

very large energy loss with very small L

Positrons: Electrons + Positrons: Anti-protons:

mpw=600 GeV, BF=700, x*/dof=0.86
myw=800 GeV, BF=1800, x*/dof=0.80

0.100 — mpw=600 GeV, BF=700, x*/dof=1.20
mpw=800 GeV, BF=1800, x*°/dof=1.28 . zTiCc—1

¢e+/(¢e++¢e_)

100 200 500 1000 2000

20 50 100
E, (GeV) E, (GeV)






How to reconcile ¢ = 3- 10" °em?/sec with o ~ 10 *cm’ /sec?

- DM is produced non-thermally: the annihilation cross section

- astrophysical boost

- resonance effect

- Sommerfeld effect

+ (Wimpor:

ium)

today is unrelated to the

production process
at freeze-out today
no clumps clumps

off-resonance on-resonance

e ~0.1 v/c~107°



DM annihilation via a
narrow resonance just
below the threshold:

16 4 B

0 m B,B;
E23;6; (B2, — m?)? + m21?

32T o

m?; (6 + &ug)® + 92

m? =4M*(1 -6} = o I
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Enhancement can reach 10°

1074 1073

with very fine tuned models. 3
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NP QM effect that can enhance the annihilation cross section by orders of
magnitude in the regime of small velocity and relatively long range force.

Y(7) wave function of two DM particles (7= - =)
obeys (reduced) Schrodinger equation:

(V does not depend on time)
1 d?y

V.o
MdTQIV\w_M 5

N velocity
potential due to exchange of force carriers

At r = 0: annihilation

Tann X U1 with 1’ such that (DM DM|T|final)

Sommerfeld enhancement:
o (00) |
R 2 alrn

Ogun. | 4

\ unperturbed cross section
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NP QM effect that can enhance the annihilation cross section by orders of
magnitude in the regime of small velocity and relatively long range force.

Yukawa potential:
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NP QM effect that can enhance the annihilation cross section by orders of
magnitude in the regime of small velocity and relatively long range force.

Yukawa potential:
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parameters are: «,V, my , M

R depends on: and oM /my

The effect is relevant for:
i.e.
ie but not at f.o.




NP QM effect that can enhance the annihilation cross section by orders of
magnitude in the regime of small velocity and relatively long range force.

Yukawa potential:
- d2¢+V~¢—M &)
M dr? T
@7 1
with V=——e ™V"
r

parameters are: «,V, my , M

«\ L I

J'

R depends on: and oM /my

(
|
|

The effect is relevant for:
i.e.
ie but not at f.o.
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NP QM effect that can enhance the annihilation cross section by orders of
magnitude in the regime of small velocity and relatively long range force.

Yukawa potential:

1 d?a
o ) = Mv?
MerJrvw &
«

with' V — — =
r

| I A A A |

DM DM -» W*W~

parameters are: «,V, my , M

R depends on: and oM /my

The effect is relevant for: : DM DM - yy
i.e.
ie but not at f.o.

3 10—3
case of MDM fermion 5-plet: V/C
M=9.7 TeV, W,Z exchange




NP QM effect that can enhance the annihilation cross section by orders of
magnitude in the regime of small velocity and relatively long range force.

Yukawa potential:
1 d
_Md’;b—l—vszVQw T T T T
I i DM DM - W*W-
with' V — — =
r
: saturation for
parameters are: o, V, my, M v < my M
R depends on: and oM /my
The effect is relevant for: : DM DM - yy
i.e.
ie but not at f.o.

3 10—3
case of MDM fermion 5-plet: V/C
M=9.7 TeV, W,Z exchange




NP QM effect that can enhance the annihilation cross section by orders of
magnitude in the regime of small velocity and relatively long range force.

Yukawa potential:
- d2¢+V~¢—M &)
M dr? T
@7 1
with V=——e ™V"
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parameters are: «,V, my , M
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NP QM effect that can enhance the annihilation cross section by orders of
magnitude in the regime of small velocity and relatively long range force.

Yukawa potential:
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parameters are: «,V, my , M

R depends on: and aM/my

The effect is relevant for:
i.e.
ie but not at f.o.
aM/my = 1 ie.long range forces

for SM weak: my — My z
M — multi—TeV

for 1 TeV DM: need my — GeV




NP QM effect that can enhance the annihilation cross section by orders of
magnitude in the regime of small velocity and relatively long range force.

Yukawa potential:

1 d?a
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MerJrVw &
@7

with' V — — =
r

parameters are: «,V, my , M

R depends on: and aM/my

The effect is relevant for:
i.e.
ie but not at f.o.
aM/my = 1 ie.long range forces

for SM weak: my — My z
M — multi—TeV

for 1 TeV DM: need my — GeV




NP QM effect that can enhance the annihilation cross section by orders of
magnitude in the regime of small velocity and relatively long range force.

Yukawa potential:

1 d?y
M dr2

@84

with' V — — =
r

+V p = Mvy

parameters are: «,V, my , M

R depends on: and oM /my

The effect is relevant for:

i.e.
i.e but not at f.o.
aM/my = 1 ie.long range forces 0 05 1 15 2 25
case of MDM fermion 3-plet: .
for SM weak: my — My z M=2.5 TeV, W.Z exchange DM mass in TeV

M — multi—TeV
for 1 TeV DM: need my — GeV



NP QM effect that can enhance the annihilation cross section by orders of
magnitude in the regime of small velocity and relatively long range force.

In terms of Feynman diagrams:

First order cross section:

For aM / my = 1 the perturbative expansion breaks down,
need to resum all orders
i.e.: keep the full interaction potential.



for Sl\/I weak: my — MW-Z
M — multl——'




Dark sector



- Decaying DM

cold substructures - MPospelov M.Trott, b&; e 3. [Ps har iu, I eXm ';1.;{5.;1, Zhu, 0812.0522. Dlscrlmmatlon with SR and IC - Liu, Yin,
Zhu, 0812. 0964 DMnu from GC MPohl ,0'8' 1S 1is: wa, :

M.Papucci, T.Volansky, 0901.2925: DM seeé fﬁe
K.Bae, J.-H. Huh, J.Kim, BKyae RVlolller 08l8
with Zz parity - ..


http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Gogoladze%2C%20Ilia%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Gogoladze%2C%20Ilia%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Khalid%2C%20Rizwan%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Khalid%2C%20Rizwan%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Shafi%2C%20Qaisar%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Shafi%2C%20Qaisar%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Yuksel%2C%20Hasan%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Yuksel%2C%20Hasan%22

- Minimal extensions of the SM:
heavy WIMPS (Minimal DM, Inert Doublet)

- More drastic extensions:
New models with a rich Dark sector

- TeV mass DM

- new forces (that Sommerfeld enhance)

- leptophilic because: - Kinematics (light mediator)
- DM carries lepton

- Decaying DM


http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Khalid%2C%20Rizwan%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Khalid%2C%20Rizwan%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Shafi%2C%20Qaisar%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Shafi%2C%20Qaisar%22

Basic ingredients:

X Dark Matter particle, decoupled from SM, mass M ~ 700+ GeV

¢ new gauge boson (“Dark photon™),
couples only to DM, with typical gauge strength, m, ~ few GeV
- mediates Sommerifeld enhancement of xXx annihilation:
aM/my =1 fulfilled
- decays only into ete or putu”
for kinematical limit




Basic ingredients:

X Dark Matter particle, decoupled from SM, mass M ~ 700+ GeV

¢ new gauge boson (“Dark photon™),

couples only to DM, with typical gauge strength, m, ~ few GeV
- mediates Sommerfeld enhancement of xXx annihilation:

aM/my =1 fulfilled ,
v Vv
i S S

- decays only into eTe  or putu” AIRANRANN
for kinemastical limit
VNANNNASANS

NV
NS
>
S
c(: \%;\
/

"

BExtras:

X isa multiplet of states and gb 1S non-abelian gauge boson:
splitting oM ~ 200 KeV (wvia loops of non-abelian bosons)
- inelastic scattering explains DAMA
- eXcited state decay xx — xX explains INTEGRAL

e e



Phenomenology:

PAMELA Positrons

Faxifrent e nan

~ Lstep to u"u” (NFW)

T T I
. .

— G.C
-- G.R.

---- SgrdSph (NFW)
- —-- Super—-K

Bl w .-i"\'_-'.-]'u'-.'l.-. Y S eV

10?




* pioneering: Secluded DM, U(1) Stuckelberg extension of SM

YW Axion Portal: ¢ is pseudoscalar axion-like

W singlet-extended UED: X is KK RNnu, ¢ is an extra bulk singlet

* split UED: X annihilates only to leptons because quarks are on another brane

* DM carrying lepton number: X charged under U(1).,_r., ¢ gauge boson
(mg ~ tens GeV)

* New Heavy Lepton: X annihilates into = that carries lepton number and
decays weakly  (~TeV) (~ 100s GeV)




- Minimal extensions of the SM:
heavy WIMPS (Minimal DM, Inert Doublet)

- More drastic extensions:
New models with a rich Dark sector

- TeV mass DM

- new forces (that Sommerfeld enhance)

- leptophilic because: - Kinematics (light mediator)
- DM carries lepton

- Decaying DM


http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Khalid%2C%20Rizwan%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Khalid%2C%20Rizwan%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Shafi%2C%20Qaisar%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Shafi%2C%20Qaisar%22

DM need not be absolutely stable,
JU-St' TDM 2 Tuniverse = 4.3 101786(3 Y

The current CR anomalies can be due to decay with:

Tdecas & 10%sec

Motivations from theory®?
- dim 6 suppressed operator in GUT

1 TeV ’ MGUT >4
~ 3 - 10%
g i < MDM > (2 . 1016 GeV

- or in TechniColor
- gravitino in SuSy with broken R-parity...



Indirect Detection
rpand  from DM decay in halo
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What sets the overall expected flux?
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Which DM spectra can fit the data®?

B.g. a fermionic DM — g @ v with Mpy = 3.5TeV :
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Gamma ray, radio, neutrino (non)constraints:

DM - 4u, NFW protile DM - u*u~, NFW profile DM - 17177, NFW profile

d FERMI

DM life—time 7 in sec
DM life—time 7 in sec
DM life—time 7 in sec

DM mass in GeV DM mass in GeV DM mass in GeV

DM - 4pu, isothermal profile DM - u" u~, isothermal profile DM - 771", isothermal profile

PAMELA and FERMI 107 ~"PAMELA &nd FERMI © PAMELA and FERMI

1026 |

10% |

DM life—time 7 in sec
DM life—time T in sec
DM life—time T in sec

1024

1023:, xR . .
102 104

DM mass in GeV DM mass in GeV DM mass in GeV







1. Are we seeing Dark Matter
in cosmic rays?

| don't Rnow, [ fear tt’s unlikely, but maybe...
Maybe it’s a pulsar.

2. Why =300 new DM models have
been proposed in one year?



1. Are we seeing Dark Matter
in cosmic rays?

| don't Rnow, [ fear tt’s unlikely, but maybe...
Maybe it’s a pulsar.

2. Why =300 new DM models have
been proposed in one year?

Because the stgnals point to a “weird” DM so
theorists try to reinvent the field:

- DM Ls heavy

- annthilates tnto Leptons and not anti-protons
- huge cross section (boost? Sommerfelol?)

- must not produce too many gammas






More PAMELA.

FERMI-LAT: - higher energy points
- diffuse galactic gammas - pure fluxes
- gammas from satellite galaxies

—_ ‘v




Data

More PAMELA.:
FERMI-LAT: - higher energy points
- diffuse galactic gammas - pure fluxes
- gammas from satellite galaxies AMS-02
v = - last shuttle flight, 2010

AMS 02

TRD
(5248 Channels)

Direct detection: CDMS, COUPP, Picasso. (LHC)
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leptons only

BN A \ELA
PAMELA B antl-p
positrons

P8 1uge Oann |
Dark Matter

annihilations

mixed BRsE 10 TeV,

WW, aq
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positrons huge Tann¥ [ 4 leptons only

Dark Matter
annihilations
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Indirect DM searches are powerful and promising.

The recent PAMELA results might be a breakthrough:
excess in positrons, nothing in anti-protons.

Would anything go with PAMELA®? Not at all!
DM must - annihilate into leptons (e.g. 1 1) or
- annihilate into W W~ with mass > 10 TeV
and you need a huge flux.
Not your garden variety vanilla, DM...
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Indirect DM searches are powerful and promising.

The recent PAMELA results might be a breakthrough:
excess in positrons, nothing in anti-protons.

Would anything go with PAMELA% Not at all!

DM must - annihilate into leptons (e.g. 1 1) or
- annihilate into W W~ with mass > 10 TeV

and you need a huge flux.
Not your garden variety vanilla, DM...

Adding balloon data (ATIC, PPB-BETS):
DM must annihilate into u*x~ and have Mpy ~ 1 TeV

Adding FERMI & HESS data:
DM must annihilate into 777~ (?) and have Mpy ~ 2 + 3 TeV

But: gamma, synchrotron and ICS constraints are severe!
Need a not-too-steep DM profile.

Future data (PAMELA, FERMI, AMSOR...) will be crucial.
Will it be just some young, nearby pulsar?
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 Andrey Kravtsov, cosmicweb.uchicago.edu
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2dF: 2.2 10° galaxies

SDSS: 10° galaxies,
& billion lyr

Millennium:
1010 particles,
500 h'! Mpec




How would the power spectra be without DM?
(and no other extra ingredient)

CMB LSS

—~
[aV]
|~
&
N
—~
)
o,
(np)
4

Multipole ¢

(you need DM to gravitationally

“catalyse” structure formation
(in particular: no DM =>no 3% peak!) y ¥



Propagation for positrons:

o0f 0
2 S22
K(E) s N8 (b(E)f) =Q
Ot s OF
diffusion S
: . gy loss
(in turbulent B ~ uG,
assumed space indep.) b(E ) gE / GeV) / TE
K(E) = Ko(E/GeV)® 75 =10"°
1 dN*,
Q 2 (MDM) fmy finj = ;<0-'U>k dE
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Where do positrons come from®

Mostly locally, within 1 kpec . Detanaye et a1 2008)
(more so at higher energy).

Typical lifetime (due to syn rad & IC):
TeV 1

E 5 \? s
(5,“—(}) 3 1'6e\/'/c:m3

T~ 5-10°yr
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(W = density of IS photons)
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Results for positrons:

Astro uncertainties: DM halo model: NFW

. ' HEAT 94+95
- propagation model e CAPRICE 94 maz

- DM halo profile . 1 S ——
- boost factor B ot !

=
S
5
o
B
=
o
=
=
oo
o
A

boost B = 10

e’ energy in GeV
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Results for positrons:

int1i MED propagation
Astro uncertainties:
HEAT 94+95
- propagation model CAPRICE 94
- DM halo profile

- boost factor B

c
@)
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Q
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=
c
o
=
o —
7]
o
o

Distinctive signal, Boost = 30
1 2
quite robust vs astro. 10

Energy in GeV
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Propagation for antiprotons:

0 %,
a{ K(T) . v2f | Oz (Slgﬂ(Z) f‘/conv) = Q — 2h 5(2) Fannf

diffusion convective wind spallations
K(T) = KoB (p/GeV)°
I' kinetic energy

Model 4] Ko in kpc?/Myr L in kpc  Veopy in km/s

min  0.85 0.0016 1 13.5 -
med  0.70 0.0112 4 12 =
max  0.46 0.0765 15 5 pat
Solution: %
2 o 2

. %5 Po 1, 4y E
0;(T.7) = B p( ) RT)Y -loh— B
PR k =
dr MDM - ) dI E

z

10 102 10° 10

P kinetic energy T 1n GeV
P kinetic energy T in GeV [back]



Solar wind Modulation of cosmic rays:

dP 5 = dd
P@:p@ p T:T@+‘26|¢F

dT, p? dbf |
@ Fisk
spectrum spectrum potential @ ~ 500 MV
at Barth far from Earth

(11yr) Solar Cycle Variations
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Solar polarity Modulation of cosmic rays:

solar magnetic polarity reverses at (the max of) each cycle;
during ‘- polarity’ state, positive particles are more deflected away

+solar | o R
polarity polarity
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Background computations for positrons:

e 45 550 main source: CR nuclei

o o ;
ot |+ 650 E23 - 1500 EB2-2 spallating on IS gas

(I)bkg — P kg, prim g (I)bkg,sec ¥ 06 E ! | 0.70 EO-7

- 1+ 11E99 +32E%15 ' 1 +110E5 + 580 E42

(&

On the basis of CR simulations of

More recently:
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We marginalize w.r.t. the slope
EP, = 10.05
and let normalization free.

energy in GeV



Background estimation for positrons:

T. Delahaye et al {2008)

HEAT 94+85+2000 4

CAPRICE 94 =
MASS 91 ©

PAMELA 08
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MIN prop

. MED prop p = 600 MV
using new
measuremens of MAX prop
electron fluxes 10

TOA Positron energy |[GeV]



Background estimation for positrons:

relaxing the assumption of isotropy* in propagation model (aCDM = anisotropic
convection driven transport model), allows to fit PAMELA with pure background

e+/e+e- fraction galdef ID XX.4_Ch1278/Chan833/Ch1273/Ch1485

* (ROSAT X-ray satellite has seen fast, optimized aCDM

strong SN winds coming out from m——  cONventional aCDM (+variations in electron
galaxy plane: not isotropic) injection spectrum and magnetic field)

solar modulation tuned for averaged data

(without PAMELA)

PAMELA 2008

1 10 10°
Energy [GeV]




Background estimation for positrons:

SNRs in the spiral arm as sources of
electrons (not positrons), whose flux
drops at 10 GeV for energy loss

= PAMELA

additional more local SNRs inject
further electrons at 100 GeV = ATIC




Background estimation for positrons:

SNRs in the spiral arm as sources of
electrons (not positrons), whose flux
drops at 10 GeV for energy loss

= PAMELA

additional more local SNRs inject
further electrons at 100 GeV = ATIC

But: preliminary PAMELA data on -+~

absolute e flux show harder spectrum
(E-3-%3) than this prediction...; o
do nearby sources agree with B/C...?




Background computations for antiprotons:

log,o®s ¢ = —1.64 + 0.0F7 TSR (28 T = log, T/GeV

BESS 95+97 BESS 88 AMs 98

i i
N g
b,
%

SECONDARY SPECRRUM
PROPAGATION UNCERTAINTY BAND

Solar Minimum with ¢, = 500 MV

Scan with B/C compatible data and ALL & \

We marginalize w.r.t. the slope
EP, = 10.05
and let normalization free.




Results for anti-protons:

Astro uncertainties: DM halo model: NFW

- propagation model
- DM halo profile

- boost factor B

-

p tlux in 1/m~sec sr GeV

boost B = 10

10! 102 10°

P kinetic energy T in GeV
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Results for anti-protons:

MED propagation

Astro uncertainties:

- propagation model
- DM halo profile

- boost factor B
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Electrons + positrons from Fermi-LAT:

Fermi detects gammas by pair production: it’s inherently an e'e detector

1 year of Fermi-LAT data

simulated
Fermi-LAT

simulated b II )

Fermi-LAT

—
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e +e
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Geminga
Pulsar Combination

100

Energy [GeV]



Which DM spectra can fit the data®?

]_0_1 T T T TTTT]
ATIC-2

PPB—-BETSO08
EC

10° 10°

Energy in GeV



T.Delahaye et al.,, 09.2008 . . ’ | o
Casadei, Bindi 2004 i ' - difficult to get PAMELA SIOpe?
TV Blran et Al O - does it explain ATIC or HESS?

Dogiel, Sharov 1990 s
ogiel, Sharov . - does not work at E > 30 GeV

Coutu et al (HEAT), 1990

Toka. 08124851 B - maybe, constrained by gammas

\ -'low energy and low flux

ICRC 1990



“PAMELA did not do in-flight checks of the p rejection rate”

10.0
Energy 1GeV ‘

: 0-5
o rejection Of 19,

PAMELA claims




“PAMELA did do in-flight checks of the p rejection rate”

Method: in the calorimeter, leptons leave all their energy and on the top;
protons leave little energy and in the bottom.

Pro
ton backgroun evaluation

Fraction of charge
rele_ased along the
calorimeter track (left

hit, right) ~

P.Papini (PAMELA coll.), GGI conference, 02.2009

Number of eyvants

(pre-sempler method)

. .0. = 05 06
raction of Snergy along the track

Proton selectign

Q.
3 - _0.4 a5 08 0.7
raction of =nergy along the track |

. ' - Positron selecﬁon-

a3 0 '
Fram,:;:,:,,- 05 05 g 0
~100 of energy along the track ° >
Wwithin one Moliere radius

Step |: use the
upper portion of the
calorimeter to select
electrons only

(p negligible)

Step 2:shower in lower

portion selects
protons only

Step 3: full analysis
(see that peak is
statistically consistent
with e peak of step )



