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Lecture 4: Direct dark matter detection. Collider searches.
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Main results from the previous Lecture

WIMP dark matter

production
-

Relic abundance of DM particles

>

DM SM

g

bM SM § Correct relic density 1f

—26 3 _—1

annihilaticTnNWeak <0' ’U> ~ 3 x 10 cm’s =1 pb + C
interaction
DM SM g*
Z0 o~ —— =1pb

mpm

bM SM mpmM 100 GeV — 1TeV

(provided g ~ gweak ~ 0.1)



Fiftecn years ago...

Cosmic antiprotons

G. Jungman et al. [Physics Reports 267 (1996) [95-373
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Year | Beam energy | Maxi- | Total Average
[GeV] mum | lumi- | luminosity
g nosity rate
[pb"] | [pb/day]
1994 456 0.045 64 0.31
1995 45.6-70.0 0.050 47 0.23
1996 80.5-86.0 0.040 25 0.17
1997 901.0-920 0.055 75 0.66
1998 045 0.075 200 1.16
1999 | 96.0—-101.0 | 0.083 254 1.35
2000° | 100.0-104.3 | 0.055 71 0.96
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Cosmic antiprotons Collider experiments
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Beam energy: 4000 GeV
Integrated luminosity: 23.26 fb™!



IF nd of this decade

Cosmic antiprotons Collider experiments
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Dark matter
distribution



The universe at T~1 GeV















Density distribution of dark matter particles:

e Assume spherical symmetry (in a first approximation).

e Radial distribution: NEW. Isothermal. Moore
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e Normalized such that the local DM density 1s
p(r=8.5 kpc) = 0.38 GeV/cm’



Indirect dark watter searches

Gewneral Ldea:

1) Dark matter particles annihilate or decay producing a flux of
stable particles: photons, electrons, protons, positrons, antiprotons or

(anti-)neutrinos.
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Indirect dark watter searches

Production )  Antimatter
Propagation - of < Gamma-rays

Detection Neutrinos
J .




Antimatter



Production

The production 1s described by the source function: number of particles
produced at a given position per unit volume, unit time and unit energy.
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Propagation

@ ' h=100 pc



i




Propagation

1-15 kpc



Propagation

L=1-15 kpc

0=~ KAV ]+ elo(T7) 1]~V [Vi(F) f] — 2h6() o f + QT )

f : number density of antiparticles per unit kinetic energy

interstellar antimatter flux:

dN v

IS _ _
PHT) = dtdS dT dQ) 4 (T)




Propagation

X =1-15 kpc
df )
0=~ =V [K(T, 7V f]+ 5= b(T.7)f] =V [Vo(7) f] — 2h8(2) Lo - QT 7) .

1 p? dN
_L § ) (ov)—= dark matter annihilation
2 M dT

Source term  Q(T,7) = <

plr) 1 dN dark matter decay

\ '"'DM TDM dE



Propagation

L=1-15 kpc

9 d
0 — Ef = V- [K(T.)Vfl+ 5= b(T. 7 f] -V
- dN

(7) (ov)——= dark matter annihilation

dT

(7) ]~ 2h6(2)T ann

Source term  Q(T,7) =

dark matter decay



Propagation

y
X L=1-15 kpc
af 0 "
0=, =V KTV S+ o2 0T 1) f] = V- [Ve(7) ] = 2h8(2) Do [t (T, T) -
1 p? dN
_L § ) (ov)—= dark matter annihilation
2 M dT

Source term  Q(7,7) =

<

p(r) 1 dN
mpw TDM dE

dark matter decay



Propagation

z

0= — [KTAV {4 (T 7] —v-mw@(m .

Negligible for positrons.

Annihilation term :
For antiprotons,

Cann = (nu + 4%/ EHHE]D';;HUﬁ .

aom oy _ {66 (14+0.0115 T=07 — 0948 T°*) mbarn , T < 155 GeV
% (T) =9 36 7-95 mbarn . T>155GeV, Tay Ne



Propagation

z

0= — [KT.AV ]+ oo R 1|V Vi) £] | 256() o f + QT )

Convection term * Due to the Milky Way galactic wind.
e [t drifts particles away from the Galactic disk.
e Difficult to model. Assume:

V.(7) = Ve sign(2) k



Propagation

o .
0= =V [K(T, NV} 5T ] V- [Vo(7) 1]~ 26() o f +QUT, 7).

Enerov loss term * Due to inverse Compton scattering on the interstellar
gy radiation field (starlight, thermal radiation of dust, CMB)
and synchrotron radiation.

» Negligible for antiprotons and antideuterons
* Can be modelled



e Energy loss due to Inverse Compton scattering: e™y — e™y

fo's Emax IC
Y do'~ (F,, €)
bics(Ee, 7) = / dE/ dE,(E, — ¢) o fisrr (€, 7)
0 € i \
Number density
of photons in ISRF
do'®(Fe,€) 3 o [ 2 1 (q)?
= ——— X |2glng+14+9g—2¢" + = l—q] : ;
dk, 4 Téa € 21+ qF( ) Iy Dust radiation
E CMB : Slﬂf“gh[
Y= E./m_ — Lorentz factor. = \ ISRF
' =4y, e/m, E y
q:Ey/r(Ee_Ey) lﬂl_-i Li}:{;ﬂ I." i .-6.:;}1 P _.1_:'-:i PR ...i P ..'.._Inﬂ
o1=0.67 barn — Compton scattering cross section energy [eV]
: .. ; Porter et al.
in the Thomson limit,
e Energy loss due to synchrotron radiation:
4 , B* , ;
bsyne(Fe, T) = gaTﬁ/e - B = 6pGexp(—|z|/bkpe — r/20kpc)




e Energy loss due to Inverse Compton scattering: e™y — e™y

00 Emax IC

v d
bICS(Ee; ’F) = / dE/ dE’T(E’T — E) i d(
0 €

Number density
of photons in ISRF
do'C(Ee, €) B § oT
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Y= Ee/me — Loren NOt \/6}/8 WELL hWDWV\/, E& i ISRF
I'.=4 vy, e/m, E
q=E,/T(E;-E,) 04 0001 001 0. T 10
61=0.67 barn — Compton scattering crgfs section energy [eV]

Porter et al.

e Energy loss due to synchrotrgn radiation:

B = 6pGexp(—|z|/bkpe — r/20kpc)




0= 29 KT AV f1 SeoT7) 1]~ 7 V(7)) — 2h6() o f + QT 7).
Diffusion term * Due to the tangled magnetic field of the Galaxy.

e Difficult to model. Assume

_ 5 B = velocity
R [R - rigidity}



L [kpc]

K, 9,V (as well as L) must be determined with measurements

of other cosmic ray species (mainly B/C ratio).
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Propagation inside the Solar System

In the “force field approximation”,the flux
at the top of the atmosphere (TOA)
is related to the interstellar flux (IS) by

E?
OO (Eros) = ETDA O (Es)

Eis = Evoa + OF

,

solar modulation parameter
¢ =500 MV — 1.3 GV
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Cosmic ray proton spectrum as measured
by BESS, AMS-01 and PAMELA

Galprop unmodulzted local interstellar spectrum
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Experimental results: antiprotons
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Fairly good agreement between the measurements
and the theoretical predictions from collisions of
cosmic rays on the interstellar medium p p — p X




Expectations from theory

A concrete example 1n the minimal supersymmetric standard model.
TeV %1072 cm’s~!

DM model|| m |(oanav)| tE | bb| c& |35 | vt |dd|ZZ |WTW—|HH| gg

LSP1.0 1.0 0.46 - -1 - |- - | - - 100 - -

T. Bringmenn & P. Salali {2008}
T lIllIIII T IlIIIIII T llllllg
BESE @5+8% DESS 08 aM- 00 CAPRICE 88

102 b vk 5

107+ F 3

10-¢ — T — T T
E_ ! I

102

[m-2 5! sr! GeV-t]

10-¢ P Iy
10-7 f — > \\
= -

LT é«"'

TO&

- LSP candidate 1.0 TeV
10 F NFW DM halo profile

10-12 E:.

Solar Minimum with ¢, = 5{1\3 H"y
10-1! Y
0.1 1 10 100 1000 10+

™ [GeV]



Expectations from theory

A concrete example 1n the minimal supersymmetric standard model.
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Expectations from theory

A concrete example 1n the minimal supersymmetric standard model.
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Expectations from theory

A concrete example 1n the minimal supersymmetric standard model.
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Experimental results: positrons
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Expected from “secondary production”,
namely collisions of cosmic rays on the
interstellar medium (p p — ¢* X).
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Experimental results: positrons

o(e) 1 (d(e)* d(e))

Positron fraction
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Experimental results: positrons

(€)1 (p(e’)+ dle )

Positron fraction
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Experimental results: positrons
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Movre puzzles: the electron+positron flux
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E*J (E) (Ge\"zm"zs"'sr_1)

Present situation:

10%

| ¢ HEAT Eznmg ¥ HESS (2009)
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102 10° 10° 10'
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Evidence for a primary component of positrons

(possibly accompanied by electrons)



Dark matter interpretation

An electron/positron excess could arise from dark matter annihilations ...
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... or dark matter decays

“Democratic” decay lﬁ >{ Ty

Mp\—
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Al, Tran, Weniger
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DM DM - u*p~, Einasto profile DM - u* i, Einasto profile

00 1027 ¢ BLA and FERMI
= [
2 10%0 |
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102 10° 104
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Is this the first non-gravitational evidence of dark matter?

"Extraordinary claims require extraordinary evidence"
Carl Sagan



Peware of backgrounds!



Pulsars are sources
of high energy
electrons & positrons

Atoyan, Aharonian, Volk;
Chi, Cheng, Young;
Grimani

© Mark A. Garlick / space-art.co.u




Pulsar explanation I: Geminga + Monogem

Geminga Monogem (B0656+14)

T=370 000 years T=110 000 years
D=157 pc D=290 pc



QGrasso et al.

Pulsar explanation I: Geminga + Monogem
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Nice agreement. However, it 1s not a prediction!
* dN/dE oc E """ exp(-E /1100 GeV)

e Energy output in e+e- pairs: 40% of the spin-down rate



Pulsar explanation II: Multiple pulsars Grasso et al.
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« AN /dE oc E “ exp(-E/E ), 1.5 <o < 1.9, 800 GeV < E, < 1400 GeV

* Energy output in e+e- pairs: between 10-30% of the
spin-down rate



The origin of the positron excess
is still unclear:
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The origin of the positron excess
is still unclear:

m Dark matter? Probably not.

m Pulsars? Perhaps yes.

m Something else? Perhaps yes.
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