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Evidence for Dark Matter

•Spiral galaxies
•rotation curves

•Clusters & Superclusters
•Weak gravitational lensing
•Strong gravitational lensing
•Galaxy velocities
•X rays

•Large scale structure
•Structure formation

•CMB anisotropy: WMAP
•Ωtot=1
•Ωdark energy~0.7
• Ωmatter~ 0.27
• Ωbaryons~0.05
• Ωvisible~0.005

Ωdark matter~ 0.22



The concordance model



Searches for relic WIMPsSearches for relic WIMPs

• Direct searches. Elastic scattering of χ off nuclei
(∝ WIMP local density)

χ + N→ χ + N 

• Indirect searches. Signals due to χ - χ annihilations

χ + χ → → ν, ν, γ, p, e+, d −− −
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� Annihilations taking place in celestial bodies where χ’s 

have been accumulated: ν’s→ up-going µ’s from Earth 

and Sun

� Annihilations taking place in the Halo of the Milky Way or 

that of external galaxies: enhanced in high density regions

(∝ (WIMP density)2)⇒ Galactic center, clumpiness

• Direct searches. Elastic scattering of χ off nuclei
(∝ WIMP local density)

χ + N→ χ + N 

• Indirect searches. Signals due to χ - χ annihilations
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DAMA/Libra result (Bernabei et al., Eur.Phys.J.C56:333-
355,2008, arXiv:0804.2741)

0.53 ton x year (0.82 ton x year combining previous data)
8.2 σ C.L. effect

A cos[ω (t-t0)] 

ω=2π/T0



Power spectrum

DAMA/LIBRA DAMA/NaI+
DAMA/LIBRA

2-6 keV

6-14 keV
2-6 keV

6-14 keV

1/356 days 1/356 days

the peak is only in the 2-6 keV energy interval
absent in the 6-14 keV interval just above 

The WIMP signal decays exponentially with energy and is 
expected near threshold 



Effect is “spread out” on 
all 24 detectors (and 
affects only “single hits”)

x=

each panel: distribution of 
x=(Sm-<Sm>)/σ in one 
DAMA/LIBRA detector over 
4 years
χ2=∑ x2 (64 d.o.f:16 x 0.5 
keV energy bins x 4 years)

5% upper tail

χ2/d.o.f. distribution

<χ2/d.o.f.>=1.072

x=(Sm-<Sm>)/σ distribution



However, some trivial considerations:

for mχ ≥ 25 GeV capture on DAMA is dominated by the I 

target →WIMPS above threshold in DAMA are also above

threshold in CDMS - Edelweiss Ge, Xe in XENON10 or CsI 

in KIMS

for mχ ≤ 25 GeV capture on DAMA is dominated by the 

Na target (channeling?) → WIMPS above threshold in 

DAMA can be below threshold in the CDMS - Edelweiss 

Ge, Xe in Xenon10 or CsI in KIMS

Compatibility Compatibility between between DAMADAMA--CDMSCDMS--EdelweissEdelweiss--Xenon10 Xenon10 -- KIMSKIMS??

No combined analysis of all experiments available

What about quantitively?

*



DAMA disfavoured by other direct searches

From Savage et al., arXiv:0901.2713

small viable window 
with MWIMP≲ 10



existing constraints almost rule out the explanation of 

DAMA in terms of a WIMP with a coherent coupling, with 

the exception of a small window at mWIMP≲10 GeV

however, a few words of caution are in order: 

• most experiments excluding DAMA exploit techniques 

which are far less established than scintillation in NaI

• don’t have the sensitivity to detect the signature of 

WIMPS (modulation, directionality)

(actually, more than “WIMP detectors” they are “WIMP 

constrainers”…)

• “background wall” met  (background from the shielding 

material itself): need to exploit delicate background 

subtractions through double read-out to lower the count 

rate (efficiencies?)



KIMS spin independent limits (CsI)

Nuclear recoil of 127I

of DAMA signal region

ruled out

Nuclear recoil of 127I

of DAMA signal region

ruled out

ρD=0.3 GeV/c2/cm3

v0=220km/s

vesc=650km/s

PRL 99, 091301 (2007)

Systematic uncertainty
Fitting, Quenching factor
energy resolution...
combined in quadrature
~ 15% higher than w/o syst.

no light target in CsI→ in principle Na in DAMA more sensitive
for mwimp≲ 20 GeV (but maybe not, see later)

for mwimpo≳ 20 GeV KIMS limit does not depend on scaling law 
for cross sections



The elastic cross section is 

bounded from below:

→ “funnel” at low mass

Neutralino – nucleon cross section
Color code:

● Ωχh
2 < 0.095

×××× Ωχh
2 > 0.095

allowed in an effective MSSM scenario where gaugino masses 

are not universal at the GUT scale



Neutralino-nucleon cross section – scalar contribution

Higgs-exchange squark-exchange

squark exchange  (four-Fermi approx):

propagators:

couplings:



radiative
corrections to 
down-type 
Yukawa couplings:

quark-Higgs couplings:

α=Higgs-mixing angle:

neutralino-Higgs couplings:

Higgs-exchange contribution:



The hadronic matrix elements:
introduce uncertainties in the final result [Bottino, Donato, Fornengo, 
Scopel, Astrop.Phys. 18(2002)205; ibidem 13(2000)215]

The Higgs-nucleon couplings can be rewritten as:

with:(l=light quark h=heavy quark):

(l=light quark
h=heavy quark)



Two determinations of σπN (pion-nucleon sigma term):

41 MeV < σπN < 57 MeV 55 MeV < σπN < 73 MeV

r~25
30 MeV<σ0<40 MeV

(squark content of the nucleon)

Relevant parameters:

N.B.: combining various measurements, the quantity

can be sizeable (y<0.6)

cross section depends on gd
2, factor ~(600/100)2~36 uncertainty

(A. Bottino et al., Astrop. Phys. 13 
(2000) 215)

(M. M. Pavan et al., PiN Newslett.
16(2002)110, hep-ph/0111066)

[recent re-analysis, including uncertainties on SM inputs: Ellis, Olive, Savage, 
arXiv:0801.3656]



Hadronic matrix elements reference values (compatible 
with overlap of two different determinations)



Neutralino-nucleon cross section & CDMS limit (including 
astrophysical uncertainties)

solid:

vesc=650 km/sec

long dashes: 

vesc=450 km/sec

B1A0C3

counter-

rotation

eff-MSSM

(including 
uncertainties due to 
hadronic matrix 
elements)

scatter plot: 
reference choice of 
hadronic matrix 
elements

[exp. data: Ahmed et al., arXiv:0802.3530]



models for WIMP velocity distribution (Belli et al., PRD66,043503)

shown in the previous slide



Quenching

• in ionizators or scintillators the energy of a recoiling nucleus is 
partially transferred to electrons which carry the signal
• q = quenching factor = fraction of nuclear recoil energy 
converting to ionization or scintillation (q=1 for γ ’s from 
calibration)
• simplistic view: recoiling nucleus experiences low stopping 
power of surrounding electronic cloud for kinematical reasons 
(mass mismatch between nucleus and single electrons) 
• most of the energy is converted to lattice vibrations (heat)
• q~0.09 for I, q~0.23 for Na, q~0.3 for Ge. Measured with 
monoenergetic neutron beam
• standard theory: Lindhard et al., Mat. Fys. Medd. K. Dan. 
Vidensk. Selsk. 33 (1963) 1; SRIM code
• a useful application: dual read-out (bolometer + ionizator, 
bolometer + scintillator) allows discrimination between nuclear 
recoils (signal) and background (γ ’s and β’s) (CDMS, 
Edelweiss)



One possible exception: channeling effect in crystals
(Dobryshevsky, arXiv:0706.3095, Bernabei et al., arxiv:07100288)

•anomalous deep penetration of ions into crystalline targets 
discovered a long time ago (1957, 4 keV 134CS+ observed to 
penetrate λ~ 1000 Å in Ge, according to Lindhard theory λ~ 44 Å)
•when the ion recoils along one crystallographic axis it only 
encounters electrons → long penetration depth and quenching~1

C2~3, d=interatomic spacing

a0=0.529 Å (Bohr radius)

critical angle:



• the channeling effect is only relevant at low recoil 
energies (<150 keV)
•detector response enhanced → smaller WIMP cross 
sections needed to produce the same effect → smaller 
threshold on recoil energy and sensitivity to lighter masses 

N.B.:
• this effect is expected in crystal scintillators and ionizators
(Ge, NaI)
• no enhancement in liquid noble gas experiments (XENON10, 
ZEPLIN)
• channeled events are lost using PSD in scintillators
• channeled events are lost using double read-out 
discrimination (CDMS, Edelweiss)
• quenching measurements are not sensitive enough to see 
channeled events (q=1 peak broadened by energy resolution)

One possible exception: channeling effect in crystals



Savage et al., arXiv:0808.3607v3

Na

I

I
I

no channeling

channeling



Channeling

• DAMA region moves to lower masses and cross 
sections → less tension between DAMA and other 
experiments
• In the DAMA region at low mass scattering dominated 
by Iodine, not Sodium → KIMS might be sensitive also to 
the light WIMP window (mWIMP≲10 GeV)



Comparing the model with latest DAMA/Libra data 

(including 
uncertainties due to 
hadronic matrix 
elements)

scatter plot: 
reference choice of 
hadronic matrix 
elements

DAMA/Libra

6.5 σ away from null 
ipothesis, convoluted 
on different halo 
models

channeling not included

eff-MSSM



Comparing the model with latest DAMA/Libra data 

eff-MSSM

(including 
uncertainties due to 
hadronic matrix 
elements)

scatter plot: 
reference choice of 
hadronic matrix 
elements

DAMA/Libra

6.5 σ away from null 
ipothesis, convoluted 
on different halo 
models

channeling included



Neutrino telescopes

��WIMPs elastically scatter and are captured by massive bodies (Sun)

� Over billions of years, annihilation/capture rates equilibrate

� Annihilation products are absorbed, except for neutrinos



Capture rate in a celestial body (Sun) 

vχ=WIMP mean velocity
σel,i=cross section of WIMP elastic scattering off the nucleus i 
of mi

MB=mass of celestial body
fi=fraction of MB in element I
<v2

esc>i =square escape velocity averaged over the 
distribution of element i
Xi=kinematic factor of order 1 taking into account the relative 
velocity between the celestial body and the WIMP gas

when a WIMP is scattered off a nucleus below the escape 

velocity it is trapped inside the celestial body. The # of WIMPs

captured per unit time is given by: 



Annihilation rate

C=capture rate

t=age of celestial body (t=4.5 Gyr for Sun and Earth)

annihilation rate per effective volume

T=central temperature

ρ=central density

for the Sun typically t>>τA and capture and annihilation are in 

equilibrium, so that:
flux from the Sun does not depend 

on the annihilation rate σv

equilibrium time scale



the Sun and the Earth are sensitive to the WIMP-nucleon 

scattering cross section

Sun: mostly hydrogen, 

sensitive to spin-dependent 

interaction or light WIMPs

Equilibrium between capture 

and annihilation always 

reached (vesc≲600 km/sec)

Earth: rich of Iron and other 

metals, particularly sensitive to 

MWIMP~50 GeV

Equilibrium between capture and 

annihilation not always reached

(vesc≲15 km/sec)



Over a time of the same order of the age of the solar system 

the captured WIMPs eventually thermalize at the center of the 

celestial body with distribution:

with:

(lighter WIMPs more “spread out”) 



Neutrino flux

d=distance from the source

F=WIMP-WIMP annihilation final state

B(F)χf=branching ratios into heavy quarks, τ lepton and gluons 
in in channel F
dNfν/dEν=differential distribution of neutrinos generated by the 
hadronization of quarks and gluons and the subsequent 
hadronic semileptonic decays (from numerical simulation –
Pythia)
N.B. heavy hadrons (c,b) are partially stopped in the dense 
medium (ρ~140 g/cm3) and may loose a fraction of their 
energy before decaying (Ritz & Seckel, NPB304(1988)877)



Rule of thumb: annihilation of WIMPs

with mass mwimp produce neutrinos 

with energies  mWIMP/3 ≲ Eν≲ mWIMP/2



Up-going muons flux 

• both neutrino-nucleon cross section and muon range 

proportional to neutrino energy→µ flux depends on the 
second moment of the neutrino energy spectrum 

<E2dN/dE>

• energy loss and multiple scattering of the muon in the 

rock included

• from MC simulation



stopping

partially contained

fully contained

through-going

Glossary

muon events in SK are 

categorized as:



for mWIMP ≳ 18 GeV more than 90% of up-going muons will 
be “through-going” (Desai et al., PRD70(2004)083523)

through-going muons are produced in 

the rock outside the detector and cross 

all the detector size, providing maximal 

directional information for background 

subtraction

N.B. angle for neutrinos from the center of the Earth much 

larger due to smaller distance , @ low masses too large to 

subtract background → only signal from the Sun is considered



Using through-going events SK published a limit valid for 

mWIMP≳18 GeV (Desai et al., PRD70(2004)083523)



however, for mWIMP~5 - 10 GeV, neutrinos with energies 

between 2 GeV and 4 GeV must be considered (Feng, Kumar, 

Learned, Strigari, JCAP01(2009)032)

Ashie et al., PRD71(2005)112005

in this range of energies 

most expected events 

are fully contained

Nsolar=168 events/1000 days

FC events 

for 2 GeV<Eν<4 GeV and 

mWIMP≲10 GeV



In order to convert this into a number of expected neutrinos 

one needs the exclusive “effective cross section” of SK for 

neutrinos with 2 GeV<Eν< 4 GeV into fully contained muon

events. This can be obtained by dividing the expected FC 

events by the corresponding atmospheric neutrino flux:

expected atm

neutrino flux for 

2 GeV<Eν<4 GeV

Ashie et al., PRD71(2005)112005

estimate of the effective cross section:

~ 2.1 X 10-8 m2



assuming that light WIMps mainly produce fully contained 

events it is then possible to set the following 2 σ upper 

bound on the neutrino flux (Feng et al., JCAP01(2009)032):

with

To make a (rough) estimate of the future projected 

sensitivity from SK one can assume that the measured 

neutrino spectrum matches the predicted atmospheric 

background, so that, in any given bin with N neutrino events 

the bound on neutrinos from Dark Matter annihilation is √N



branching ratios for light relic neutralinos

stopped in the Sun

stopped in the Sun



Neutrino absorption and oscillation

(from Cirelli et al., NPB727(2005)99)

• NC scatterings νN→νN 
reinject neutrinos at 

lower energy

• CC scatterings & ντ
regeneration:

• νµ→ντ vacuum oscillation 

effect



neutrino fluxdirect detection

estimated sensitivity 

Comparison between direct detection and estimated future 

SK sensitivity to neutrinos from the Sun

channeling included

reference hadronic matrix elements

preliminary



neutrino fluxdirect detection

estimated sensitivity 

Comparison between direct detection and estimated future 

SK sensitivity to neutrinos from the Sun

channeling included

maximal hadronic matrix elements

preliminary

N.B. sensitivity to up-going muons does not weakens at low mWIMP



Conclusions

1. DAMA result challenged by other searches

2. Light relic neutralinos ≲ 10 GeV compatible with present 
constraints

3. Light relic neutralinos compatible with DAMA effect
4. Hard to verify 2 & 3 at the same time, but not impossible
5. Light neutralinos might show up in fully contained up-

going-muon events from the Sun at SK
6. Sensitivity to up-going muons is not significantly reduced 

at low mWIMP, at variance with direct detection searches


