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• dark matter vs. neutrinos from the sun

• “baryonic” neutrinos

• direct detection experiments as      observatories?⌫b

⌫b

Part I

• signal modulation in dark matter direct detection experiments 

• DAMA & CoGeNT and the “muon-hypothesis”

• new signatures from dark matter modulation

Part II

PLAN
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• DAMA:   250 kg of scintillating NaI crystals, running since 
1995, exposure in excess of 1 ton x year, no discrimination

• CoGeNT: 440 g Ge crystal, 442 live days; ionization only, no 
discrimination

• CRESST: scintillation and phonons; 730 kg days, multi-target

one 
species

 - 

three 
signals?
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[Angloher et al., 2011]
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Part I 
“take away message”

• cosmic muons as origin for DAMA modulation strongly disfavoured

- different in phase
- different in correlation
- possibly different in power
- possibly different in amplitude

• similar conclusions hold for CoGeNT modulation

• there is more than “one modulation”
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signal modulation in direct 
detection
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Friday, 16 March, 12



signal modulation in direct 
detection

[cpd/kg/keV]
dR

dER
= NT nDM

Z

v�vmin

d3v vfLAB(v)
d�

dER

f
GAL

(v
obs

+ v)

|v
obs

| = |v�|+
1

2

V� cos!(t� t
0

)

t0 ' 152 days (June 2nd)

v
obs

= v� + V� ["
1

cos! (t� t
1

) + "
2

sin! (t� t
1

)]

see e.g. [Druiker et al, 1986; Freese et al, 1988; Savage et al, 2009]

Friday, 16 March, 12



signal modulation in direct 
detection

t0 ' 152 days (June 2nd)
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• scintillation from 
NaI-crystals

•  8σ+ modulation

• phase consistent 
as expected from
WIMPs

t0 ' 2 June

⇠ 3%

[Bernabei et al. 2010]

= 152.5 days
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Muon Flux underground

• underground flux sourced mainly by primary meson decays (pions, 
kaons,...) => muons need to be TeV-like to reach underground

• competition between secondary meson interactions vs. decay 
depends on air-density 

=> muon flux correlated with temperature

• flux peaks in Summer (on northern hemisphere)

�Iµ
I0µ

= �T
�Te�

Te�
Te� =

Z 1

0
dX T (X)W (X)

--- modulates too ---
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Muon Flux underground

• many measurements available, correlation 
with       firmly established

• LNGS: Macro, LVD, 
Borexino
(DAMA location)

• Soudan Mine: MINOS
(CoGeNT location)

• South Pole:  Amanda,
Icecube 

Te↵

Te�

�µ

[Borexino 2011]
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LVD and DAMA

• Large Volume liquid scintillator Detector (LVD) reports underground 
muon-flux at LNGS => temporal overlap with DAMA data

[Selvi, 2009]Iµ ⇠ 30/day/m2 @ DAMA site
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(digitized from LVD data)
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LVD and DAMA

• renewed interest in muons as DAMA background, see e.g.
[Ralston, 2010], [Nygren, 2011], [Blum, 2011]

• very recent response by DAMA [Bernabei, 2012]
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LVD and DAMA
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• renewed interest in muons as DAMA background, see e.g.
[Ralston, 2010], [Nygren, 2011], [Blum, 2011]

• very recent response by DAMA [Bernabei, 2012]
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LVD and DAMA

• muons can either directly hit the detector or indirectly, by spallation 
of nuclei which leads to neutron flux

=> guaranteed source of background (especially if un-vetoed)

• in this talk we will base our analysis exclusively on the time-series of 
events in both data sets

=> we are ignorant to how the signal formation process concretely 
happens

=> but if we can make firm statements already it means that this 
approach is very model-independent and thus conservative
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• evenly spaced data                 discrete FT 

• unevenly spaced data: Lomb-Scargle Periodogram

detecting periodicities
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detecting periodicities
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no power on timescales > 1yr
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detecting periodicities
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adopting DAMA’s procedure of 
subtracting baseline on each cycle

suppresses power on timescales longer 
than 1 yr  (see also Blum, 2011)

no power on timescales > 1yr

BUT
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detecting periodicities
DAMA/LIBRA, 2012
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detecting periodicities
DAMA/LIBRA, 2012 LVD muons
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detecting periodicities
DAMA/LIBRA, 2012
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A⇥ cos [!(t� t0)]

• interpret data as sinusoidal 
variations

• phase of DAMA/LIBRA 
incompatible with muons 

t0(LVD) = (187± 2) days

DM

t0(DAMA) = (131± 13) days

@ ! = 2⇡/1yr :
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The phase of DAMA 
vs 

the “phase” of LVD

• two studies suggest that phase can potentially in agreement

1.  Selvi for LVD collaboration finds

PROCEEDINGS OF THE 31st ICRC, ŁÓDŹ 2009 3
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Fig. 2. Muon intensity along the 8 years of data acquisition. Each bin corresponds to one day, starting from 1st January, 2001 to 31st

December, 2008. The error bars are the statistical uncertainty. The solid red curve is the result of a cosinusoidal fit to the data in the form
shown in eq. 3 The vertical dashed lines separate each solar year.

Since the configuration of the apparatus may be
changed run by run in terms of number and position
of the active counters, and since the rate of the detected
muons depends critically on the active counter configura-
tion, we developed a Monte Carlo simulation to take into
account the acceptance and the efficiency of the detector
in detecting muons. The geometry of the LVD detector
has been described in detail through the GEANT4 [8]
program. The distribution of the muon energy and arrival
direction has been generated accordingly to the MUSUN
code [9], developed for the Gran Sasso rock distribution
around the LNGS. The muons are sampled uniformly in
a circle orthogonal to the chosen direction and tracked
trough the LVD detector: the information on the number
of crossed counters, together with the time and energy
in each counter, are stored; then we apply the same
selection cuts as we did in the real data.

With all the scintillation counters considered as ac-
tive, we derive the geometrical acceptance (averaged
over the cosmic muon arrival directions in the LNGS)
A = (298 ± 3) m2, where the uncertainty (1%) is
mainly dominated by the systematic errors assumed in
the muon direction given by the MUSUN code. Since
the number and also the position of the counters that do
not participate to the muon trigger change run by run, we
generate 10

5 muons for each run, removing from the MC
the corresponding OFF, HIGH and BAD-TDC counters.
We calculate the muon detection efficiency � defined as
the ratio between the number of detected muons in each
configuration and the one with the fully active detector.

The last phase of the muon event selection consists
in applying quality cuts to the data taking itself: runs
lasting less than one hour, or with � < 0.5, or with more
than 10 anomalous TDC counters, are not considered in
the analysis. The fraction of lost time is negligible (7%),
moreover the runs removed from the analysis are spread
all over the whole period of data acquisition; indeed the
largest continuous amount of dead time is 10 days.
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Fig. 3. Superposition of the mean daily intensity for the averaged
total data set 2001-2008 into one year.

The total analyzed live time results 2724 days. In
normal conditions (three active LVD towers) the number
of detected muons per day is of the order of ∼ 8000

(∼ 0.1 Hz). The total number of muons in the full data
set 2001-2008 is about 21.5 millions.

IV. RESULTS

The muon intensity in the i-th run is now defined as:

Iµ
i =

Nµ
i

A · �i · ti
(2)

where Nµ
i is the number of detected muon events, A is

the geometric acceptance, ti and �i are, respectively, the
duration and the detection efficiency of each run.

The muon intensity measured day by day since 2001
till 2008 is shown in figure 2. A modulation is clearly
visible; fitting the distribution with the following func-
tion:

Iµ
= Iµ

0 + δIµ
cos

µ
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T
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t
0

(LVD)
LVD�collab

= (185± 15) days

[Selvi for LVD, 2009]

�

2
/dof = 577/362

adopting this procedure we find

!t0(LVD) = (186± 2) days
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The total analyzed live time results 2724 days. In
normal conditions (three active LVD towers) the number
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adopting this procedure we find

suspecting that Selvi used reduced     for construction of confidence 
region => confidence interval overestimated

!

�2

↯

t0(LVD) = (186± 2) days
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The phase of DAMA 
vs 

the “phase” of LVD
• two studies suggest that phase can potentially in agreement

2.  Blum, 2011: 
nice observation that direct hits 
by muons induce produce too 
large spread in signal, BUT

hNµ,ii = Ae�Iµ,i�iti

si =
yNµ,i

M�E�iti

Nµ,imean of Poisson distributed 

count rate in DAMA bin i
   = signal counts / muony

=> used to generate DAMA mock data
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The phase of DAMA 
vs 

the “phase” of LVD
• two studies suggest that phase can potentially in agreement

2.  Blum, 2011: 
nice observation that direct hits 
by muons induce produce too 
large spread in signal, BUT

DAMA muons

hNµ,ii = Ae�Iµ,i�iti

si =
yNµ,i

M�E�iti y

=> used to generate DAMA mock data
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the “phase” of LVD

=> redo Blum’s analysis:

(one representative out of a sample of 10k)

Friday, 16 March, 12



[Blum, arXiv:1110.0857]
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[Blum, arXiv:1110.0857]
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[Blum, arXiv:1110.0857]
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since period floats in fit =>      looses its absolute meaning!t0

t0 from Jan 1, 2003 t0 from Jan 1,1995
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lessons learned

1. distribution in     depends on time origin

=> frequentist fits to mock-data do not define a good test statistic

2. we need better ways to quantify agreement/disagreement of 
DAMA with the Muon hypothesis

=> preferentially without reliance on sinusoidal function

=> look at the correlation coefficient 

t0

r 2 [�1, 1]

rXY =

P
i(Xi � X̄)(Yi � Ȳ )qP

i(Xi � X̄)2
qP

i(Yi � Ȳ )2
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correlation study
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Fisher z-transform
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• 442 kg live-days

• Ge-target, ionization

• potential exponential rise
toward low energies

• cosmogenic peaks

• modulation too

oGeNToC

[Aalseth et al, 2011]
Friday, 16 March, 12
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• muon measurements at CoGeNT site (Soudan Mine, MN) from 
MINOS experiment exist

[Adamson et al, 2010]

oGeNToC
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phase analysis for CoGeNT
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temporal overlap!
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• muon measurements at CoGeNT site (Soudan Mine, MN) from 
MINOS experiment exist - but no temporal overlap

[Adamson et al, 2010]

oGeNToC
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• muon measurements at CoGeNT site (Soudan Mine, MN) from 
MINOS experiment exist - but no temporal overlap

MINOS time period, 〈Teff 〉 = 221.44 K

days since Oct 1, 2003

∆
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〉
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=> use available climate data to predict muon flux!

[Adamson et al, 2010]

oGeNToC
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vs.

CoGeNTMINOS published
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balloon data
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1.5–3.0 keV
0.9–1.5 keV
0.5–0.9 keV
0.5–3.0 keV

90%C.L.

binsize (livedays)

r
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no correlation
with high significance!

=> CoGeNT’s 
modulation 

not muon-induced

oGeNToC correlation study
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higher harmonics 
in DM modulation
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[using f(v) from Lisanti et al, 2010]
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• biannual mode

• triannual mode

• ...
[using f(v) from Lisanti et al, 2010]
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• can be thought of as an 
expansion in 

• once ellipticity of earth’s 
orbit is included

=> phase shifts between
     different harmonics

=> new signature

• detection is likely to 
require large exposure

V�/v�
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orbit is included
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Part II 
“moral”

• there can be alternatives to the 
“light WIMP paradigm” in 
explaining direct detection 
anomalies/signals

=> diversifying physics output of direct detection 
experiments  [see e.g. also Harnik, Kopp, Machado 2012]
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Part II 
“moral”

• there can be alternatives to the 
“light WIMP paradigm” in 
explaining direct detection 
anomalies/signals

=> diversifying physics output of direct detection 
experiments  [see e.g. also Harnik, Kopp, Machado 2012]

[Angloher et al., 2011]
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Leo Stodolsky’s vision of a 
true neutrino observatory

• superconducting grains in filler material in magnetic field

• at low temperatures specific heat ~ 

=> single scatter of neutrino can make grain conducting

=> magnetic field collapses, induces electric signal in detector

T 3
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• coherent enhancement       for MeV-scale neutrinos from 

=>  spallation sources, supernovae, reactors, sun, earth

• cross section grows quadratically with neutrino energy

• helicity conservation forbids back-scattering

coherent neutrino-
nucleus scattering

N2

d⇤

d cos �
=

1

8⇥
G2

FE
2
�

⇥
Z(4 sin

2 �W � 1) +N
⇤2

(1 + cos �)
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• coherent enhancement       for MeV-scale neutrinos from 

=>  spallation sources, supernovae, reactors, sun, earth

• cross section grows quadratically with neutrino energy

• helicity conservation forbids back-scattering

coherent neutrino-
nucleus scattering

N2

d⇤

d cos �
=

1

8⇥
G2

FE
2
�

⇥
Z(4 sin

2 �W � 1) +N
⇤2

(1 + cos �)

(this process has not yet been observed)
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=> direct DM detection

Witten 1985
~ keV
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=> direct DM detection

• nuclear recoil can be picked up in various channels: 

heat ionizationscintillation
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 WIMPs vs. solar neutrinos
• flux

• cross section

• recoil

�DM =
�0v

mDM
⇠ 105 cm�2s�1

✓
100GeV

mDM

◆
�pp = 6⇥ 1010 cm�2s�1

�8B = 6⇥ 106 cm�2s�1

� ' 10�44 cm2 ⇥N2

✓
E⌫

1MeV

◆2

� = 10�44 cm2 ⇥ �44A
2

✓
µN

µn

◆2

Emax

R =
(2µNv)2

2mN
⇠

8
>>>>><

>>>>>:

20 keV
�
A
20

�

(mN ⌧ mDM )

4 keV
�

mDM
20GeV

�
2

�
100

A

�

(mDM ⌧ mN )

Emax

R =
(2E�)2

2mN

⇠ 0.1 keV

✓
20

A

◆✓
E�

1MeV

◆
2
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solar   as a future background

[Monroe 2007]

1 ton x year

we are not too far away from this

⌫
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“baryonic” neutrinos
M. Pospelov arXiv:1103.3261

⌫b

• introduce new left-handed neutrino species
together with gauged          

•     couples to quarks, but not to leptons

• breaking of           gives new gauge field     mass 

U(1)b

⌫b

U(1)b Vµ

⌫b
sterile under SM-gauge group

active under U(1)b

LB = ⇥b�
µ(i⇤µ � glqbVµ)⇥b �

1

3
gb

X

q

q̄�µqVµ � 1

4
Vµ�V

µ� +
1

2
m2

V VµV
µ + Lm.

⌫b
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“baryonic” neutrinos
M. Pospelov arXiv:1103.3261

⌫b

• for                effective Lagrangian reads

• measure interaction strength in units of       :

jµNCB = ⇥b�
µ⇥b

Q2 ⌧ m2
V

GF

Le� = �GBj
µ
NCB

X

N=n,p

N�µN, GB = qb
gbgl
m2

V

N =
|GB |
GF

⇥ 100�
✓
3GeV

mV

◆2 ✓ glgb
10�2

◆
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“baryonic” neutrinos
M. Pospelov arXiv:1103.3261

⌫b

• baryonic neutrino can get mass from 

• neutrinos talk via mass mixing => “sterile-active” oscillations

nkL =
X

�

U⇤
k���L, U =

1 2 3 4
e
µ
⇥
b

0

BB@

·
UPMNS ·

·
· · · ·

1

CCA

Lm =
1

2
NT

LC†MNL + h.c., NL =

0

@
��b
��L
��CR

1

A , M =

0

@
0 0T vbbT

0 0 mT
D

vbb mD mR

1

A

⌫R

Friday, 16 March, 12



“baryonic” neutrinos
M. Pospelov arXiv:1103.3261

⌫b

• crucial insight:

• deuteron breakup in SNO does not constrain scenario

��bN (elastic)

��bN (inelastic)
� A2

E4
�R

4
N

� O(108)

this ratio makes direct detection 
experiments competitive with large scale neutrino experiments
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matter effects

• forward scattering induces matter potential 

VNCB = ±qbNGFnB (YN + 2Y�b) , Yf =
nf � nf

nB
,

VNCB : VCC : VNC = qbN :
⇥
2Xp : �

⇥
2(1�Xp)/2,

         mass fraction of protons

   =>      experience largest effect in normal matter for 

Xp =

⌫b N � 1
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matter effects

• flavor transition amplitudes from Schrödinger eq.

matter mixing angle

=> mixing angle in matter suppressed

for �m2
b cos 2�b ⇥ 10�4 eV2 �

✓
E

10MeV

◆✓
N
100

◆✓
⇥

g/cm3

◆

tan 2�M =
tan 2�b

1 + 2EVNCB/(�m2
b cos 2�b)

i
d

dx

✓
⇥��

⇥�b

◆
' 1

4E

✓
��m2

b cos 2�b � 2EVNCB �m2
b sin 2�b

�m2
b sin 2�b �m2

b cos 2�b + 2EVNCB

◆✓
⇥��

⇥�b

◆
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matter effects

• considering such small values in 
        standard solar story unfolds �m2

b

Pb(earth) ' sin2(2�b) sin
2


�m2

bL(t)

4E

�

N 2
e� ⇥ N 2

2
� sin2 2✓b

=> for fast oscillations PbG
2
B � N 2

e�G
2
F

(from a tribimaximal ansatz 
assuming mixing to    ) ⌫2

[see arXiv:1103.3261]
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direct detection of

dR(t)

dER
= NT


L0

L(t)

�2 X

i

�i

Z

Emin
⌫

dE�
dfi
dE�

d�

dER
Pb(t, E�)

overall flux 
modulation

average over
neutrino spectrum i

L(t) = L0

⇢
1� � cos


2⇥(t� t0)

1 yr

�� L0 = 1AU

t0 ' 3 Jan (perihelion)

� = 0.0167 (eccentricity)

⌫b

like SM-neutrinos with G2
F (N/2)2 ! G2

BA
2
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(perfect detector)
Friday, 16 March, 12



17F

15O

13N
pp
hep

8BGermanium

ER [keV]

re
co

il
sp

ec
tr
u
m

[e
v
en

ts
/
k
eV

/
k
g
-y
]

1010.10.01

108

107

106

105

104

103

102

101

1

17F

15O

13N
pp
hep

8B

Eν [MeV]

so
la
r
ν
fl
u
x
[c
m

−
2
s−

1
M

eV
−
1
]

1010.1

1012

1010

108

106

104

102

1

AGe = 70� 76

8B Ne� = 100

direct detection of ⌫b

(perfect detector)
Friday, 16 March, 12



dR(t)

dER
= NT


L0

L(t)

�2 X

i

�i

Z

Emin
⌫

dE�
dfi
dE�

d�

dER
Pb(t, E�)

more modulation here

L
osc

L
0

' 0.5⇥
✓
10�10 eV

�m2

◆✓
E⌫

10MeV

◆
oscillation-length on the 
order sun-earth distance

=> flip phase for high energy part of the neutrino 
spectrum? explain DAMA?

direct detection of ⌫b
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⇠ 3%

• DAMA signal conveniently expressed in terms modulation 
amplitude

S = S0 + Sm cos [�(t� t0)]

Sm =
1

2

✓
dR

dE
v

����
max

� dR

dE
v

����
min

◆

Sm

S0 ⇠ 1 cpd/kg/keV (baseline)

Sm/S0 ⇠ 3%
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νb
DAMA 2010

χ2/d.o.f. = 9.3/8

∆m2 = 2.52 × 10−10 eV2

Neff = 102

.
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fit only first 10 bins
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⇠ 3%

N 2
e� ⇥ N 2
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� sin2 2✓b
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νb
DAMA 2010

χ2/d.o.f. = 9.3/8
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used Q = 0.3
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⇠ 3%

• Q = quenching factor

scintillation light (L) output 
depends on the stopping 
power of the scattered 

nucleus

dL

dx

=
AdE/dx

1 + kBdE/dx

(Birk’s formula)

L ⇠ A

1 + kBhdE/dxi

Z ER

0
dE

Ev(keVee) = Q⇥ ER(keV) (Q can be energy dependent)
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• new quenching factor 
measurements indicate smaller 
values 

=> higher nuclear recoil energy 
necessary to produce same 
observed signal in scintillation

(for DM this means larger WIMP 
masses; moves light-DM DAMA 
region deeper into “forbidden” 
zone)

[Collar, TAUP talk 2011]

⇠ 3%
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⇠ 3%

phase off by ~month! 

(2–6 keV)

days since Jan 1, 1995
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• 442 kg live-days

• Ge-target, ionization

• exponential rise
toward low energies!

• cosmogenic peaks

• indication of modulation

oGeNToC

[Aalseth et al, 2011]
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• 442 kg live-days

• Ge-target, ionization

• exponential rise
toward low energies

• cosmogenic peaks 
subtracted

• will not address 
modulation here!

oGeNToC

const

νb

νb+const

L-shell bkg. subtracted

CoGeNT 442 days

∆m2 = 1.76 × 10−10 eV2

Neff = 228
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• additional surface 
background

• rise at lowest 
recoil energies 
near threshold 
will be revised

• for DM this 
means smaller 
cross sections

oGeNToC

[Collar, TAUP talk 2011]
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oGeNToC

allow for exponential 
background in the fit
(everything below the  
line then fits the data)
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constraints: XENON100

• 100.9 live-days x 48 kg fiducial; 

• 3 events in acceptance region; use “maximum gap” method to set limit

• require S1 ≥ 4PE’s (scintillation); account for quality and ER rejection 
cuts;  smear with Poissonian resolution

• use        extrapolated to 0 at 2keVLe�

S1(ER) = 3.6PE� ER � Le�

[Aprile et al. 2010]
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3

in the most conservative exclusion limits based on avail-
able data and theoretical considerations, and is consis-
tent with our neutron calibration data [32]. However,
it is in tension with the measurements of Ref. [18] be-
low ⇠ 7 keV. As discussed in [35], the rising measured
Q

y

values in this regime could be influenced by trigger
threshold bias.

1 10 100
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nuclear recoil energy E
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Q y
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Eq. 1, k = 0.166
Eq. 1, k = 0.110
[32], E

d

= 0.73 kV/cm
[18], E

d

= 1.00 kV/cm
[31], E

d

= 2.00 kV/cm
[31], E

d

= 0.10 kV/cm

FIG. 2. The electron yield Qy of liquid xenon for nuclear re-
coils. Theoretical curves (solid and dashed) were calculated
following [28], as described in the text. Also showing mea-
surements from [18] (F), [31] (# and ⌅, uncertainty omitted
for clarity), and [32] (dash-dot curve, with ±1� contours).

We report results from a 12.5 live day exposure of the
XENON10 detector, obtained between August 23 and
September 14, 2006. This data set is distinct from the
previously reported [15–17] dark matter search data. The
di↵erence is that the present data was obtained with the
S2-sensitive trigger threshold set at the level of a single
electron.

Event selection criteria, which are summarized in Ta-
ble I, were applied as follows. A radial position r < 3 cm
was required. This central region features optimal self-
shielding by the surrounding xenon target. Discrimina-
tion of events with excessive single electron S2 noise was
obtained with a signal-to-noise cut, that required the pri-
mary pulse to represent at least 0.45 of the total area
of the event record. The energy dependence of this cut
rises monotonically from 0.94 to > 0.99 between 1.4 keV
and 10 keV. Valid single scatter events were required to
have only a single S2 pulse of size > 4 electrons. Events
in which an S1 signal was found were required to have
log10(S2/S1) within the ±3� band for elastic single scat-
ter nuclear recoils. This band was determined from the
neutron calibration data, and has been reported in a pre-
vious article [15]. Events in which no S1 signal was found
were assumed to be low-energy nuclear recoil candidates
and were retained.

TABLE I. Summary of cuts applied to 15 kg-days of dark
matter search data, corresponding acceptance for nuclear re-
coils "c and number of events remaining in the range 1.4 <
Enr  10 keV.

Cut description "c Nevts

1. event localization r < 3 cm 1.00a 125

2. signal-to-noise > 0.94 57

3. single scatter (single S2) > 0.99 37

4. ±3� nuclear recoil band > 0.99 22

5. edge (in z) event rejection 0.41b 7
a limits e↵ective target mass to 1.2 kg
b di↵erential acceptance shown in Fig. 1
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FIG. 3. (left panel) All candidate dark matter events re-
maining (⇥ and #) after the first four cuts listed in Table
I. The fifth cut is indicated by the shaded region. Events in
which an S1 was found are shown as #. The corresponding
number of electrons in the S2 signal is indicated by the inset
scale. (right panel) S2 pulse width distributions for single
scatter nuclear recoils in the top, middle and bottom third of
the detector.

The remaining events in the lowest-energy region are
shown in Fig. 3 versus their S2 pulse width �

e

. The
equivalent number of electrons is indicated by the inset
scale. A large background population of single electron
events is observed. The exact origin of this population
is uncertain, although it has been conjectured to arise
from photon scattering on impurities in the xenon [36].
Events in which an S1 signal was observed are indicated
by a circle.

We use �

e

to discriminate events in the center of the
active target from those near the top or bottom. The
right panel of Fig. 3 shows the width profiles of nuclear
recoils with known �t for three populations, defined on
the intervals 0 < z  5 cm, 5 < z  10 cm and 10 <

z  15 cm. Gaussian fits are shown to guide the eye.

constraints: XENON10 low thr. 

• discard scintillation signal => buys e-background, wins lower threshold

• ionization only (S2) 

• use

• include Poisson

[Aprile et al. 2011]

S2 = QyER⇣

{

ne

(large uncertainty in number of 
ionized electrons [Collar, 2011])

Emin = 1.4 keV

=> resulting bounds 
uncertain
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in the most conservative exclusion limits based on avail-
able data and theoretical considerations, and is consis-
tent with our neutron calibration data [32]. However,
it is in tension with the measurements of Ref. [18] be-
low ⇠ 7 keV. As discussed in [35], the rising measured
Q

y

values in this regime could be influenced by trigger
threshold bias.

1 10 100
1

2

3

4

5

6

7

8

9

10

nuclear recoil energy E
nr

[keV]

Q y
[e
le
ct

ro
n
s/

ke
V

]

 

 

Eq. 1, k = 0.166
Eq. 1, k = 0.110
[32], E

d

= 0.73 kV/cm
[18], E

d

= 1.00 kV/cm
[31], E

d

= 2.00 kV/cm
[31], E

d

= 0.10 kV/cm

FIG. 2. The electron yield Qy of liquid xenon for nuclear re-
coils. Theoretical curves (solid and dashed) were calculated
following [28], as described in the text. Also showing mea-
surements from [18] (F), [31] (# and ⌅, uncertainty omitted
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constraints: XENON10 low thr. 

• discard scintillation signal => buys e-background, wins lower threshold

• ionization only (S2) 
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• include Poisson
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• use data from Ge-detectors (same target as CoGeNT)

• “binned Poisson”
technique

sensitivity to ⌫b

[Z. Ahmed et al, 2010]

(more sophisticated ways to treat detectors may lead to stronger limits)

constraints: CDMS-II low thresh.

1� ↵ = (1� ↵bin)
Nbin

probability to see as 
few events as observed 

in one bin 
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• superheated droplets from              (total active mass ~0.2kg)

• light target! use exposure 14.8 kg days (Stage I of Phase II)

• threshold ~ 8 keV 

• observed: 9 events;  expected (neutron) background ~12

• include heat transfer and bubble nucleation efficiency

• we use simple Poisson on Stage I including bkg.

constraints: SIMPLE

C2 ClF5

[Felizardo et al, 2011]
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constraints from ‘null’ searches
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Abstract. The CRESST-II cryogenic Dark Matter search, aiming at detection of WIMPs via elastic scat-
tering o↵ nuclei in CaWO4 crystals, completed 730 kg days of data taking in 2011. We present the data
collected with eight detector modules, each with a two-channel readout; one for a phonon signal and the
other for coincidently produced scintillation light. The former provides a precise measure of the energy
deposited by an interaction, and the ratio of scintillation light to deposited energy can be used to dis-
criminate di↵erent types of interacting particles and thus to distinguish possible signal events from the
dominant backgrounds.
Sixty-seven events are found in the acceptance region where a WIMP signal in the form of low energy
nuclear recoils would be expected. We estimate background contributions to this observation from four
sources: 1) “leakage” from the e/�-band 2)“leakage” from the ↵-particle band 3) neutrons and 4) 206Pb
recoils from 210Po decay. Using a maximum likelihood analysis, we find, at a high statistical significance,
that these sources alone are not su�cient to explain the data. The addition of a signal due to scattering
of relatively light WIMPs could account for this discrepancy, and we determine the associated WIMP
parameters.

PACS. 95.35.+d Dark Matter, WIMP – 07.20.Mc Low-temperature detectors – 29.40.Mc Scintillation
detectors, CaWO4 – 29.40.Vj

1 Introduction

The nature of Dark Matter remains one of the outstand-
ing questions of present-day physics. There is convincing
evidence for its existence on all astrophysical scales and
many theories predict particle candidates that may be able
to explain its composition. However, in spite of numerous
attempts, Dark Matter particles have not been unambigu-
ously detected so far.

Several experiments currently aim for direct detection
of Dark Matter, mostly focusing on a particular class of
particles, the so-called WIMPs (Weakly Interacting Mas-
sive Particles). WIMPs nowadays are among the most in-
vestigated and best motivated candidates to explain Dark
Matter. If they exist, they could be present in our galaxy in
the form of a halo, constituting the majority of the galac-

a corresponding author: proebst@mpp.mpg.de
b corresponding author: jschmale@mpp.mpg.de

tic mass. Rare interactions with ordinary matter would
then possibly be detectable in earthbound experiments.

One such project is CRESST-II (Cryogenic Rare Event
Search with Superconducting Thermometers), located at
the Laboratori Nazionali del Gran Sasso in Italy. In this
experiment we aim for detection of the WIMPs via their
scattering o↵ nuclei. The main challenges of this kind
of measurement are to detect the tiny amounts of re-
coil energy transferred to the nucleus (O(10 keV)), and to
achieve su�cient background suppression to be sensitive
to the extremely low rate of anticipated interactions (not
more than a few tens of events per kilogram and year).

To meet these requirements, CRESST uses cryogenic
detectors in a low-background environment. Furthermore,
the scintillating target material CaWO4 allows for a dis-
crimination of the type of interacting particle. In this way,
potential rare WIMP interactions can be distinguished
from events which were induced by the dominant radioac-
tive backgrounds.
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CRESST-II, a neutrinob observatory?
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tic mass. Rare interactions with ordinary matter would
then possibly be detectable in earthbound experiments.

One such project is CRESST-II (Cryogenic Rare Event
Search with Superconducting Thermometers), located at
the Laboratori Nazionali del Gran Sasso in Italy. In this
experiment we aim for detection of the WIMPs via their
scattering o↵ nuclei. The main challenges of this kind
of measurement are to detect the tiny amounts of re-
coil energy transferred to the nucleus (O(10 keV)), and to
achieve su�cient background suppression to be sensitive
to the extremely low rate of anticipated interactions (not
more than a few tens of events per kilogram and year).
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CRESST-II, a neutrinob observatory?

• 8 CaWO4  crystals, total of 730 kg days effective exposure

• measure scintillation light and phonons from nuclear recoil

• in a nutshell:  67 events in acceptance region; only half of which can 
(currently) be attributed to backgrounds.

=> assess the viability of a signal we have to deal with 
the backgrounds (at least in some minimal way)
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of measurement are to detect the tiny amounts of re-
coil energy transferred to the nucleus (O(10 keV)), and to
achieve su�cient background suppression to be sensitive
to the extremely low rate of anticipated interactions (not
more than a few tens of events per kilogram and year).

To meet these requirements, CRESST uses cryogenic
detectors in a low-background environment. Furthermore,
the scintillating target material CaWO4 allows for a dis-
crimination of the type of interacting particle. In this way,
potential rare WIMP interactions can be distinguished
from events which were induced by the dominant radioac-
tive backgrounds.
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• we follow CRESST in their 
modelling of backgrounds

CRESST
fits

=> e/gamma events known 
=> others essentially flat 
distributed
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• we follow CRESST in their 
modelling of backgrounds

CRESST
fits

=> e/gamma events known 
=> others essentially flat 
distributed

• use Poisson log-Likelihood
to fit ⌫b

�2
P = 2

X

i


yi � ni + ni ln

✓
ni
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◆�

• best fit yields

�2
P /d.o.f. = 27.8/28 (recoil spectrum only)
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putting it all together

99% C.L.
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outlook II

• elastic scattering off scintillating mineral oil 
[Borexino is the best candidate experiment]

neutrino searches?

14C
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• inelastic processes ?

=>         excitation in neutrino searches (4.4 MeV gamma)

=>  more generally, look for nuclear 
      excitations

     e.g. “Kamland-Zen bump” 

• astrophysical consequences

=> stellar cooling constraints

=> CMB Neff = 4 ?

=> SN: nearby / dynamics of explosions / sensitivity to tiny mass 
splittings

outlook III
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conclusions
• “Old Backgrounds” 

=> cosmic ray muon flux unlikely source for the modulation signals in 
DAMA and CoGeNT

=> DAMA can do better in convincing us that the above is true

• “New Signals”

=> periodic signals contain higher harmonics which may provide 
further discriminating power in telling background from signal

=> entertained a model of neutrinos which can give similar “DM-like” 
signals in DM direct detection experiments
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