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First missing mass problem of the 20th century 

Discovery of the nucleus resulted in a disparity

 

Second missing mass problem of the 20th century 

Missing mass on all scales that are relevant to astrophysics and 
cosmology

m(Atom) > Zm(proton)

Two problems of missing mass

Century old problem that stays with us
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First missing mass problem of the 20th century 

Rutherford suggests in 1920 the existence of a new massive neutral 
particle

Chadwick discovers the neutron in early ‘30s and with it a new force

Second missing mass problem of the 20th century (…and 21st century)  

Single, “cold” new neutral massive particle covers the gravitational side
 
“Dark sector” may contain several states and new dark forces,  
with consequences for cosmology,  for underground rare event 
searches, and for high-energy or high-luminosity colliders.

Solutions
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Plan of the talk
“Phenomenologically driven  
approach” to the dark side  
 
using 
 
Underground rare  
event searches
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Detection experiments
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Looking for new species

CF1 Snowmass report 
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Looking for new speciesThere may be more creatures than WIMPs!

CF1 Snowmass report 



Tapping into the Dark Matter  
“liquid scintillator revolution”

Inexpensive, scalable, dense, and can be 
purified. 

High scintillation yields without absorbing 
own scintillation light. 

Drifting charges in an electric field is  
a powerful amplification mechanism  

=> ionization analyses push this boundary. 
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E
ion

pXeq “ 12 eV



“Simplified Models” of 
Dark Matter electron scattering

Let’s take the example of a  vector V with coupling              , 
a.k.a. “Dark Photon”
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gSS ̄ , gPP  ̄�5 ,

gV Vµ ̄�µ , gAAµ ̄�µ�5 ,

gTTµ⌫ ̄�µ⌫ , ¨ ¨ ¨

(pseudo)scalar
(pseudo)vector
tensor

 …electron

gV “ e



The Dark Photon Landscape
14 The Low-Energy Frontier of Particle Physics

Figure 4: Summary of cosmological and astrophysical constraints for hidden pho-

tons (kinetic mixing χ vs. mass mγ′) (compilation from Ref. [35]). See the text

for details. In addition we also show laboratory limits (see Sect. 4 for details on

the constraints in the sub-eV regions; at higher mass we have electroweak pre-

cision measurements (EW), bounds from upsilon decays (Υ3S) and fixed target

experiments (EXXX)). Areas that are especially interesting are marked in light

orange.

plasma: the larger ρ, the sooner the p-n freezing the closer n/p becomes to the

high temperature value of 1/2. After decoupling, during the proper primordial

nucleosynthesis, neutrons are mostly confined into 4He nuclei whose primordial

abundance can be measured today, leading to a bound on the non-standard energy

density ρx during BBN, usually expressed as the effective number of extra thermal

neutrino species,

N eff
ν,x ≡

4

7

30

π2T 4
ρx. (22)

A recent determination of this number [42] resulted in

N eff
ν,x = −0.6+0.9

−0.8, (23)

for three standard neutrinos. Therefore, while an extra neutral spin-zero particle

thermalized during BBN is allowed, this is not the case for other WISPs like a

mini-charged particle, for which

N eff
ν,MCP ≥ 1, (24)

or a massive hidden photon, with

N eff
ν,γ′ = 21/16. (25)

Fig. from  
Ringwald,  
Jaeckel, 2010
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NB: Many additions (corrections) on this plot in the past few years!



Dark Photon Dark Matter

Only two free parameters,          .
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L “ ´1

4
F 2
µ⌫ ´ 1

4
V 2
µ⌫ ´ 

2
Fµ⌫V

µ⌫ ` m2
V

2
VµV

µ ` eJµ
emAµ

,mV Can we make Dark Matter?
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L “ ´1

4
F 2
µ⌫ ´ 1

4
V 2
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2
Fµ⌫V

µ⌫ ` m2
V

2
VµV

µ ` eJµ
emAµ

,mV Can we make Dark Matter?

1. Make it light, below 2me. Prevents                   decay 

2. Have small          , to slow down 

V Ñ e`e´

 ! 1 V Ñ 3�

V

�

�

�

=> Vectors can be have lifetime greater than the Universe

�V Ñ3� “ 172↵4

273653⇡3

m9
V

m8
e

Pospelov, Ritz, Voloshin 2008



Dark Photon Dark Matter
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L “ ´1

4
F 2
µ⌫ ´ 1

4
V 2
µ⌫ ´ 

2
Fµ⌫V

µ⌫ ` m2
V

2
VµV

µ ` eJµ
emAµ

Early Universe production. 

1. thermal production insufficient 
2. resonant production doesn’t help neither 
3. field can be generated during inflation (vacuum condensate)

(roughly)

Can we make Dark Matter?

�int{H „ 2↵2ne{sH „ 1{T



Dark Photon Dark Matter

1. Small mass ~keV means large number density 
2. photo-ionization cross sections of ordinary photons  

can be huge, 107 bn 

Those compensating factors make up for tiny coupling                   
that renders V stable on cosmological timescale
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 ! 10´10

Can we detect it?

=> absorption of V can be looked for in electron band



Absorption rate
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Related to the polarization tensor  
of the photon in the medium
⇧µ⌫pqq “ ´⇧T

ÿ

i“1,2

"Tµ
i "T⌫

i ´ ⇧L"
Lµ"L⌫

Effective mixing angle inside the medium

2
T,L “ 2 ˆ m4

V

|m2
V ´ ⇧T,L|2

�T,L “ ´2
T,L Im⇧T,L

!

It follows

An, Pospelov, JP, 2013 
An, Pospelov, JP, Ritz 2014



Case for Xenon
Compute absorption rate from Xenon refractive index
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⇧L “ p!2 ´ ~q2qp1 ´ n2
refrq, ⇧T “ !2p1 ´ n2

refrq



V

�

�

�

Dark Photon Dark Matter 
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diffuse gamma ray flux 
+ CMB

An, Pospelov, JP, Ritz 2014
(for solar constraints, see An, Pospelov JP PLB 2013)



“Simplified Models” of 
Dark Matter electron scattering

If the DM mass is not protected by some symmetry (like for  
dark photons or axions), loop corrections induce a mass shift
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gSS ̄ , gPP  ̄�5 ,

gV Vµ ̄�µ , gAAµ ̄�µ�5 ,

gTTµ⌫ ̄�µ⌫ , ¨ ¨ ¨

(pseudo)scalar
(pseudo)vector
tensor

�m „ gi⇤UV => gi À 10´10 m „ 100 eVfor 

As we have just seen, such couplings in the “naturalness regime” 
are being probed by direct detection!



Solar Neutrinos in Direct Detection

solar neutrino 
background

atmospheric & DSNB  
neutrino background

Snowmass 2013 / Billard et al, 2013
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+LUX+superCDMS 
+CDMSlite+CRESST bounds



solar neutrino 
background

signal

Can we 
lift that  
curve?

Snowmass 2013 / Billard et al, 2013

atmospheric & DSNB  
neutrino background

Solar Neutrinos in Direct Detection
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new neutrino

baryon current

new force

Le↵ “ ´GBp⌫̄b�µ⌫bq JB,µ

Pospelov (2011)
Harnik, Kopp, Machado (2012)

Pospelov, JP (2012 & 2014)

Le↵ “ ´GBp⌫̄b�µ⌫bqJB,µ

=> for MeV-scale     NC-like coherent 
scattering on nuclei

Emax

R “ p2E⌫q2
2mN

“ OpkeVq

⌫b

L
osc

“ 4⇡E⌫

�m2

« 1AU

ˆ
10´10 eV2

�m2

˙ ˆ
E⌫

10MeV

˙

Solar neutrino Physics  
with DD experiments



new neutrino

baryon current

new force

Le↵ “ ´GBp⌫̄b�µ⌫bq JB,µ

Pospelov (2011)
Harnik, Kopp, Machado (2012)

Pospelov, JP (2012 & 2014)

Le↵ “ ´GBp⌫̄b�µ⌫bqJB,µ

=> for MeV-scale     NC-like coherent 
scattering on nuclei

Emax

R “ p2E⌫q2
2mN

“ OpkeVq

⌫b=> for MeV-scale     NC-like coherent 
scattering on nuclei

Emax

R “ p2E⌫q2
2mN

“ OpkeVq

⌫b

We need:

 1. stronger than weak interaction  

2. oscillation lengths 

GB{GF " 1

L
osc

" 103 km

L
osc

“ 4⇡E⌫

�m2

« 1AU

ˆ
10´10 eV2

�m2

˙ ˆ
E⌫

10MeV

˙

Solar neutrino Physics  
with DD experiments



Taps into the original idea of a 
true neutrino observatory

d⇤

d cos �
=

1

8⇥
G2

FE
2
�

⇥
Z(4 sin

2 �W � 1) +N
⇤2

(1 + cos �)

G2
B A2

=> maybe direct detection experiments are neutrino observatories?!

B

LBNL RPM - Josef Pradler - 22



95% C.L.

∆m2 [eV2]
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e
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10
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LUX (85d)
XENON100 (225d
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DAMA
CoGeNT
CRESST-II
CDMS-II Si

95% C.L.

∆m2 [eV2]

N
e
ff

10−910−10

100

10

estimated
sensitivity
Borexino 
from C-
excitation

An alternative to light Dark Matter

23
NB: plot needs an update; more stringent limits avail



Light DM vs. neutrinos

neutrino νb

Neff = 30

∆m2 = 10−9 eV2
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DM interpretation of a     signalsignals look alike ⌫b

=> complementary targets needed
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WIMP miracle

• What if direct link to SM is too feeble?  
 
=> no correct thermal abundance 
=> direct detection prospects diminish 

• Co-annihilation can guarantee  
abundance

X0X± ! SM
X0X0 ! X+X� ! SM

Tfreeze '
mX0

20
) �m . 0.05mX0

X0

X±

SM

cheat-sheet���������	
��������������������  for���������	
��������������������  a
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V prbq ` �m † 0

“critical zone”

rb

nucleus

X0

Excited states of DM

• in the potential of the nucleus, excited state is accessible  
 
=> capture Eb “ OpMeVq

27



Excited states of DM

• in the potential of the nucleus, excited state is accessible  
 
=> capture

• offers a new kind of signature 
  
                                        => effective monochromatic  
                                             MeV depositions in the detector!

nucleus

Eb “ OpMeVq

X´

27



DM in Neutrino Experiments

n

np

p

e´

e´

⌫̄
⌫̄

2�

e´

e´

n

np

p

0⌫2�

•        experiments look for extremely rare MeV energy deposits0⌫2�
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DM in Neutrino Experiments

n

np

p

e´

e´

⌫̄
⌫̄

2�

e´

e´

n

np

p

0⌫2�

•        experiments look for extremely rare MeV energy deposits0⌫2�
MS signal induced by dark matter 

Xe 

�
e+ ��

•  e+ deposits energy 
during propagation 
and then finds an e- 
to annihilate into to 
gammas. 

•  Excited state 
decays to ground 
state by emitting 
gammas. 

EXO200, Xenon chamber 

(⌧̃�Xe)

A. different spin: 

(⌧̃�Xe)0 + �0s

e�
X0

New signal  
to look for

=> any “clean” experiment with MeV-sensitivity can do it
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Same spin

L � ge↵(X
0@µX+ �X+@µX0)W�

µ

X0

N
Z

N
Z+1

W

X−

X0

N
Z

N
Z

e+

X−

L � yX0e+X� + h.c.

NZ +X0 ! (NZX
�) + e+ NZ +X0 ! (NZ+1X

�)

Different spin

Two generic cases for 
charged excitations
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“neutralino-stau scenario” “sneutrino-stau scenario”

LA = �̄(geLPL + geRPR)e⌧̃
† + h.c. LB =

ge↵
2

W�µ(@µ⌧̃
†⌫̃0 � ⌧̃ †@µ⌫̃

0) + h.c.

ge↵ = g2 cos ✓⌧̃ cos ✓⌫̃0

sterile-active mixing angle

LR stau mixing angle

 
Yukawa interaction

Supersymmetric realization

Same spinDifferent spin
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The correspondence  
principle at work

|geL|2 + |geR|2 = 1

mχ = 1TeV

∆m [MeV]

⟨σ
v
⟩
[c
m

2
]

20151050

10−29

10−30

10−31

10−32

10−33

10−34

10−35

I

Xe 1S

Gd

Xe

Cl

|geL|2 + |geR|2 = 1

mχ = 1TeV

∆m [MeV]

⟨σ
v
⟩
[c
m

2
]

20151050

10−29

10−30

10−31

10−32

10−33

10−34

10−35

n  50

semi-classical

QM
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(different spin case)



MS signal induced by dark matter 

 
•  Excited state 

decays to ground 
state by emitting 
gammas. 

EXO200, Xenon chamber 

Xe 

(⌧̃�Cs)

⌫̃

B. same spin: 

�0s⇤

Constraints from WIMP-captures 
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MS signal induced by dark matter 

Xe 

�
e+ ��

•  e+ deposits energy 
during propagation 
and then finds an e- 
to annihilate into to 
gammas. 

•  Excited state 
decays to ground 
state by emitting 
gammas. 

EXO200, Xenon chamber 

(⌧̃�Xe)

A. different spin: 

(⌧̃�Xe)0 + �0s

e�
X0
X0

An, Pospelov, JP (PRL 2012)
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A few words 
on DAMA 

Only experiment with a continuing  
signal claim for over a decade. If it’s  
there, it is of profound importance.  

Good reasons to be skeptic about the claim, e.g.  
 

 No muon veto (muons modulate)

 Spectrum not publicly reported

 Excluded by other direct detection searches 

34

[I will show you that seems OK]

[that’s troublesome for the outsider]

[only one counterexample  
 is needed…]



(2–6 keV)

days since Jan 1, 1995

5000450040003500

0.04
0.02

0
-0.02
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d
u
a
ls

(c
p
d
/
k
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/
k
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0.04
0.02

0
-0.02
-0.04

DAMA/LIBRA 0.87 ton×yr

(2–4 keV)

0.04
0.02

0
-0.02
-0.04

• scintillation from  
NaI-crystals

•  8σ+ modulation

• phase consistent  
as expected from 
WIMPs

t0 ' 2 June

[Bernabei et al. 2010, …]

= 152.5 days

sobsm ' 2%
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DAMA
muon flux underground

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

• correlated with temperature  
 

• flux peaks in Summer (on northern hemisphere)

�Iµ
I0µ

= �T
�Te�

Te�
Te� =

Z 1

0
dX T (X)W (X)

flux modulates
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• 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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DAMA
muon flux underground



• 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
38

DAMA 
vs. LVD



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

Iµ ⇠ 30/day/m2 @ DAMA site

(digitized from LVD data)

t (days)

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

Iµ ⇠ 30/day/m2 @ DAMA site
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• Large Volume liquid scintillator Detector (LVD) reports underground 
muon-flux at LNGS => temporal overlap with DAMA data

mock
muons

dama (2–4) keV

.
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d
u
a
ls
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d
/
k
g
/
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=> use LVD data to produce realizations of DAMA
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Correlation study
correlation

r(muon,mock=DAMA)

correlation
r(muon,mock)

Q: how significant is the 
difference between these two?

Fisher z-transform
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power of the approach: no assumption on the 
functional form of the signal has to be made
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Fisher z-transform
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Correlation study
correlation

r(muon,mock=DAMA)

correlation
r(muon,mock)

power of the approach: no assumption on the 
functional form of the signal has to be made
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S. Chang, JP, I.Yavin 2012



Observed modulation amplitude 

The higher the background, the stronger the signal must be modulated 

=> take a closer look at the DAMA backgrounds to see what is needed
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DAMA signal interpretation
in the presence of backgrounds



• “Single-hit” spectrum  
(all other detectors act 
as a veto)
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increased backgrounds in the signal region?
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DAMA signal interpretation
in the presence of backgrounds



β−

β+

4−

2+

0+

0+

EC

EC∗

40K

40Ar
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angular momentum change by 4 units,
“3rd forbidden unique weak decay”

=> the ONLY such EC realized in nature
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Potassium background in DAMA  
at 3 keV

• no reported measurement 
for EC to g.s. of Ar!

• branching in nuclear data 
tables is an extrapolation 

• leading order prediction 
can be calculated from 

=> calls for measurement to  
confirm leading order prediction��+

=> its strength is of direct relevance 
for DAMA (but turns out not to be 
important)

=> probably no surprises here, but:
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needs MC to find rate at 3 keV 
=> we employ the results from 

Kudryavtsev et al 2010

� (1.4MeV)
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• indication of a flat 
background 
component 

•       and Compton 
background at low 
energies are flat  
 
=> work out 
implication for 
modulation fraction

Bflat ' 0.85 cpd/kg/keV

��

shape = energy resolution
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• challenges DM 
interpretation of 
WIMP with 
Maxwellian velocity 
distribution: 

• for 13 ppb potassium 
contamination 
 
 
required!

sm . 10%

sm & 20%
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Required modulation fraction
if a flat background is present

7%

10%

30%

7%

10%

30%

required modulation fraction

Bflat = 0.85 cpd/kg/keV

excluded

claimed

DAMA

BREC (%)

n
at
K

(p
p
b
)

10.80.60.40.20

102

101

1

BREC (%)

n
at
K

(p
p
b
)

10.80.60.40.20

102

101

1

JP, I. Yavin, B.Singh 2012



50
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Bernabei et al. 1210.6199 & 1211.6346

• critique 1: avg. potassium is 
measured at 13ppb 
 

• critique 2: EC to g.s. is only 10% 
=> our discussion is “captious” 
 

• critique 3: DAMA claims upper 
limit on signal                                    
=> allows for 6-10% modulation!
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Great.  A new number in print!
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measured at 13ppb 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=> our discussion is “captious” 
 

• critique 3: DAMA claims upper 
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=> allows for 6-10% modulation!

Great.  A new number in print!

Confirms our findings.

=> let’s check.  
Requires “slide-forensic”. 

Number not in print.



our assumption of a flat 
background was criticized as 
being ad hoc …

=> however DAMA’s own 
background model [taken 
from slides - no publication is 
available] seems in poor 
contact with data 
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DAMA’s critiques to our paper
raised more questions
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Interpretation of the signal in terms of DM very sensitive to assumptions on the 
background!  That’s all we say. 

JP, I. Yavin 2012
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copper encapsulation the upper limits on the activities shown
in Table 4 have been obtained at the HPGe test bench at the
LSC and are given at 95% C.L. Upper limits for 238U are worse
than those obtained for other isotopes because of the low inten-
sity of its gamma emissions; in this case, equilibrium in the nat-
ural chains has not been imposed.
! For archaeological lead, upper limits on 210Pb, 232Th and 238U

activities quoted in [23] have been used.
! For radon content in the air filling the inner volume of the

shielding, there is no real estimate. Radon content in the labora-
tory air is being continuously monitored, and the inner volume
of the shielding is flushed with boil-off nitrogen, to guarantee
its radon-free quality. An arbitrary value for the radon content
in the inner volume air of about one hundredth of the external
air radon content has been assumed in our background model
(0.6 Bq/m3), compatible with the absence of lines coming from
radon daughter isotopes in the measured background. Never-
theless, this contribution should be considered as an upper
limit.

4. Geant4 simulation

A complete simulation (using the Geant4 package [24]) of the
ANAIS-0 module with shielding in different experimental configu-
rations has been carried out. Geant4 is widely used for this purpose
and its reliability has been established in a large number of validat-
ing studies, changing experimental conditions and detection tech-
niques. Some recent works using Geant4 with similar context and
goals can be found in the literature [25–28]. Accurate modeling of
the detector and shielding components and physical processes par-
ticipating in the interaction mechanisms for every background
source is required in order to reproduce qualitatively and quantita-
tively the background event rate of the experiment. Version
Geant4.9.4.p01 and its corresponding data libraries have been used
for all the simulations presented here. Physical processes and mod-
els commonly used in the context of underground experiments
have been implemented for interactions of alpha, beta and gamma
particles; for example, the low energy models based on the Liver-
more data libraries for the electromagnetic interactions. Range cut
values of 10 (100) lm (that are converted into the corresponding
energy cuts for every material) have been typically used for elec-
trons (photons) in the simulation of bulk emissions; these cut val-
ues are (recommended) production thresholds for secondary
particles. The Geant4 Radioactive Decay Module has been used
for simulating radioactive contaminations, after checking carefully
the energy conservation in the decay of all the considered isotopes;
problems encountered in previous versions of Geant4 code seem to
be surpassed. In particular, a very relevant (for this work) modifi-
cation, included in the used Geant4 version, is related with the
shape of the 40K beta spectrum3, because the proper shape factor
for the third unique forbidden beta decay has been used [29] (see
Fig. 3).

The simulated geometry (see Fig. 4) includes the NaI crystal,
Teflon and reflector lining, quartz windows, light guides (optional),
photomultipliers, copper encapsulation, Mylar window, HV divider
circuit and its mechanical support, and the shield made of both
archaeological and standard low activity lead.

Decays of radioactive impurities in the most relevant materials
of the experimental layout, including mainly 238U and 232Th chains
and 40K, have been simulated assuming (unless otherwise stated) a

Table 3
Activities considered for the simulation of the different PMT models used in the
ANAIS-0 module. In the case of the Ham LB and Ham ULB PMTs, the values measured
for each available unit are given separately.

Detector component Isotope Activity (mBq/PMT)

ET LB PMT 40K 420 ± 50
232Th 24 ± 4
238U 220 ± 12

Ham LB PMT 40K 678 ± 42 647 ± 56
232Th 68 ± 3 75 ± 4
238U 100 ± 3 109 ± 5

Ham ULB PMT 40K 12 ± 7 24 ± 9
232Th 3.6 ± 1.2 1.8 ± 1.0
238U 47 ± 28 59 ± 28
226Ra 8.0 ± 1.2 6.1 ± 1.2
60Co 4.1 ± 0.7 5.1 ± 0.8

Table 4
Activities considered in the simulation for the different components of the ANAIS-0
module layout. Upper limits are given at 95% C.L.

Simulated component Isotope Activity

Copper encapsulation 40K < 11 mBq
232Th < 4.1 mBq
238U < 140 mBq
226Ra < 2 mBq
60Co < 0.94 mBq

Quartz optical window 40K < 12 mBq/kg
232Th < 2.2 mBq/kg
238U < 100 mBq/kg
226Ra < 1.9 mBq/kg

Light guides 40K < 21 mBq/guide
232Th < 4.1 mBq/guide
238U < 120 mBq/guide
226Ra < 4.7 mBq/guide

Optical coupling grease 40K < 200 mBq/kg
232Th < 200 mBq/kg
238U < 2000 mBq/kg
226Ra < 30 mBq/kg

Archaeological lead 210Pb < 20 mBq/kg
232Th < 0.3 mBq/kg
238U < 0.2 mBq/kg

Inner volume air 222Rn < 0.6 Bq/m3

3 Problem number 1068 at Geant4 Problem Tracking System: http://bugzilla-
geant4.kek.jp/
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Fig. 3. Simulated spectra for bulk 40K contamination in the ANAIS-0 NaI crystal are
shown both for an allowed beta spectrum shape (Geant4.9.3 version) in blue and
taking into account the proper shape factor for the third unique forbidden beta
decay (Geant4.9.4 version) in red. It can be seen a much better accordance with the
measured background spectrum (in black) shape at 1 MeV for the latter: in both
cases 12.7 ± 0.5 mBq/kg of 40K have been considered, as deduced from the analysis
of coincidences (see text) (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.).
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a b s t r a c t

NaI (Tl) is a well known high light yield scintillator. Very large crystals can be grown to be used in a wide
range of applications. In particular, such large crystals are very good-performing detectors in the search
for dark matter, where they have been used for a long time and reported first evidence of the presence of
an annual modulation in the detection rate, compatible with that expected for a dark matter signal. In the
frame of the ANAIS (Annual modulation with NaI Scintillators) dark matter search project, a large and
long effort has been carried out in order to characterize the background of sodium iodide crystals. In this
paper we present in detail our background model for a 9.6 kg NaI (Tl) detector taking data at the Canfranc
Underground Laboratory (LSC): most of the contaminations contributing to the background have been
precisely identified and quantified by different complementary techniques such as HPGe spectrometry,
discrimination of alpha particles vs. beta/gamma background by Pulse Shape Analysis (PSA) and coinci-
dence techniques; then, Monte Carlo (MC) simulations using Geant4 package have been carried out for
the different contributions. Only a few assumptions are required in order to explain most of the measured
background at high energy, supporting the goodness of the proposed model for the present ANAIS pro-
totype whose background is dominated by 40K bulk contamination. At low energy, some non-explained
background components are still present and additional work is required to improve background under-
standing, but some plausible background sources contributing in this range have been studied in this
work. Prospects of achievable backgrounds, at low and high energy, for the ANAIS-upgraded detectors,
relying on the proposed background model conveniently scaled, are also presented.

! 2012 Elsevier B.V. All rights reserved.

1. Introduction

Sodium iodide scintillators have been widely used for radiation
detection [1,2]. In particular, they have been applied since the
nineties in the direct search for dark matter, profiting from the fea-
sibility of growing large mass crystals, the high light output, the
sensitivity to spin-dependent interacting WIMP candidates, the
low and high mass isotope combination, and the particle discrim-
ination capability (although limited at low energy). On the other
hand, they suffer from poor energy resolution and low Relative
Scintillation Efficiency factor for nuclear vs. electron recoil events.
Several experimental efforts with NaI (Tl) detectors in the search
for dark matter can be found in the literature [3–12]. Among these
experiments, DAMA/LIBRA results have produced a large impact in
the field by analyzing the annual modulation in the rates: a mod-
ulation compatible with that expected for galactic halo WIMPs was

reported after seven cycles of measurement at the Laboratori Nazi-
onali del Gran Sasso, Italy [5] and has been confirmed with much
more statistical significance by LIBRA data, accumulating six more
cycles at this moment [11]. Complete understanding of the DAMA/
LIBRA background at low energy has not yet been achieved and
some open questions remain [13,14]. Results obtained with other
target materials and detection techniques have been ruling out
for years the most plausible compatibility scenarios (some of the
most recent and significant negative results can be found in
[15,16]), but recently CoGeNT and CRESST experiments have re-
ported excess of events attributable to WIMPs [17,18], and even,
in the former experiment, the presence of an annual modulation
in the rate has been observed [19].

Confirming the DAMA/LIBRA modulation observation in a mod-
el independent way is the main goal of the ANAIS experiment (An-
nual modulation with NaI Scintillators), projected to be carried out
at the Canfranc Underground Laboratory (LSC), Spain, with up to
250 kg of NaI (Tl) [20]. In the context of ANAIS, a long effort to
understand and reduce the radioactive background in sodium io-
dide detectors has been done. In this paper we report on the esti-
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ANAIS collaboration

DAMA should
show the K40
shoulder.  Is it visible?

A count rate in DAMA 
much greater than 
0.04 cpd/kg/keV at 1MeV 
will challenge a DM 
interpretation of the signal  
(assuming flat bkg. at 0.85 
level is indeed present)
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DM-Ice collaboration
2014

=> DAMA should show us 
their attempt of understanding 
the low energy event rate from 
MC simulation

…report their MC efforts  
of understanding it



Shown you “out-of-the-bowl” scenarios of new physics that can be tested with 
underground rare event searches 
 
 

Liquid scintillator limits on Dark Photon Dark Matter superior to  
astro-constraints

Solar neutrinos with new interactions can mimic light DM  
 

DM multiplets lead to new signatures in         decay searches

Such work helps building new science cases for existing searches 
(Identifying new search strategies is equally important)  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Summary - I



• A theorist’s take on the DAMA anomaly:  
 
=> cosmic ray muons are unlikely the source of the annual modulation  
signal  
 
=> interpretation of the signal in terms of DM is challenging given seeming 
levels of backgrounds from radioactive decays 
 
=> more detailed communication of nuclear backgrounds would help  
judging the claim  
 
40K peak with contribution of unmeasured EC branching to 40Ar g.s. 
located right at the modulating signal (calls for separate measurement)  
 
Insight into the full spectrum would allow to compare with MC’s
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Summary - II



“Extraordinary claims require extraordinary evidence.”

Carl Sagan

Thank you.

eps-hep2015.eu

http://eps-hep2015.eu/

