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Combining targets

 N1 = A1σ
SI + B1σ

SD
Let’s assume that an experiment 1 measures a signal, generated by the DM mass and the 

SI-SD cross sections, the number of events would be given by:

where the parameters A and B depends on the nucleus and DM mass.

If we assume that DM mass is well determined (for simplicity):
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where the parameters A and B depends on the nucleus and DM mass.
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Combining targets

 N1 = A1σ
SI + B1σ

SD
Let’s assume that an experiment 1 measures a signal, generated by the DM mass and the 

SI-SD cross sections, the number of events would be given by:

where the parameters A and B depends on the nucleus and DM mass.

If we assume that DM mass is well determined (for simplicity):

 A1 A2

Iff the parameters A and B from each of the 

experiments are different, then we end up with a

FINITE CONTOUR
Both experiments are  

COMPLEMENTARY
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Ingredients of the analyisis: 
- We generate a “signal” by choosing a BM point defined by  mDM,σ SI ,σ SD

The total number of events in a series of bins must be calculated              (t=live time)
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We perform a scan over the 
parameter space

We compare both sets of data using a Poissonian 
likelihood function
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Ingredients of the analyisis: 
- We generate a “signal” by choosing a BM point defined by  mDM,σ SI ,σ SD

- We perform a scan over the parameter space 

- We include astrophysical uncertainties 

Fk (v) = Nk
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2 /kΔv2 − e−vesc
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k
θ(vesc − v) Nk = Δv3e− ye
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THE ROLE OF UNCERTAINTIES

´ Astrophysical uncertainties: We use the following analytic formula…

Miguel Peiró /  6th Multidark Consolider Workshop @ Canfranc /  13 - 04 - 2012

Binney & Tremaine ‘08 

Lisante et al. ‘10 

THE ROLE OF UNCERTAINTIES

´ Astrophysical uncertainties: We use the following analytic formula…

Miguel Peiró /  6th Multidark Consolider Workshop @ Canfranc /  13 - 04 - 2012

k parameter encodes different features of tail of the distribution

Binney & Tremaine ‘08 

Lisante et al. ‘10 
Lisante et al ’10



The real situation
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Ingredients of the analyisis: 
- We generate a “signal” by choosing a BM point defined by  mDM,σ SI ,σ SD

- We perform a scan over the parameter space 

- We include astrophysical uncertainties 

- We include nuclear uncertainties 
5
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FIG. 1. Spin-dependent structure functions as a function of u, in the case of ap/an = 1 (left panel) or ap/an = −1 (right

panel). The solid (dashed) red lines correspond to the D-model [37] (R-model [38]) and the dotted blue line indicates the

gaussian approximation of Eq. (8). The blue region covers the area spanned by the family of curves in Eq. (14). The vertical

black dashed lines indicate the WIMP search window used in the analysis.

mχ [GeV] σSI [pb] σSD [pb] λ λSI λSD

BM1 100 10−9 10−5 37.2 36.4 0.8

BM2 50 10−9 10−5 42.1 41.2 0.9

BM3 100 10−9 10−3 79.6 36.4 43.2

TABLE I. Phenomenological parameters defining the three

benchmark models. We include the predicted total number

of recoil events, λ, as well as the number of events (calculated

using the R-model) λSI (λSD) due to SI (SD) interactions,

for the experimental setup described in the text.

els for DM3. We then assume the observation of a DM

signal in a given direct detection experiment. The differ-

ential rate is computed for each benchmark point follow-

ing Eq. (1), and used to derive the total number of events

λ.

We first particularize our analysis for the case of a ger-

manium detector with a total exposure of ϵ = 300 kg yr.

This could, e.g., correspond to the 1 Ton phase of Super-

CDMS, operating for a whole year with an efficiency of

30%. We define the energy window for WIMP searches

in the range ET = 10 keV and Emax = 100 keV, and

calculate the number of events {λi} in a series of energy

bins {Ei, Ei+∆E} with ∆E = 5 keV. We also include a

background with a rate of 4× 10−8 days−1 kg−1 keV−1,

which is of the order of the background expected for the

3 In particular, the three benchmarks can be obtained within the

context of neutralino DM in the general Minimal Supersymmet-

ric Standard Model.

SuperCDMS experiment in SNOLAB [57]. For the con-

sidered exposure this means a total of 0.02 background

events in each of the energy bins considered (i.e., we are

almost dealing with a background free experiment). We

assume that this background is flat (energy independent).

The simulated energy spectra for the three benchmark

points can be seen in Fig. 2, where the solid red line cor-

responds to the results when the D-model is used and the

dashed red line is obtained for the R-model. Practically

no difference is observed for benchmarks BM1 and BM2.

This happens because for these two benchmark points

the main contribution to the total detection rate is due

to SI interactions. On the contrary, in BM3 the SD con-

tribution is important and we observe how the predicted

rate is significantly higher for the R-model than for the

D-model. This is a consequence of the higher value of S11

for the R-model in the whole energy range (see Fig. 1).

We treat the quantities {λi} as the experimental in-

formation from which DM parameters have to be recon-

structed. Our analysis is based on the Bayes theorem,

which determines the posterior probability distribution

(pdf) p(Θ|D) of a set of parameters Θ (for which a prior

probability is assumed p(Θ)) from a set of experimental

data D, encoded in the likelihood function p(D|Θ) (or

L(Θ)),

p(Θ|D) =
p(D|Θ)p(Θ)

p(D)
. (10)

The evidence p(D) in the denominator of Eq. (10) is a

function of only the experimental data. For our purposes

it works as a normalization factor and can therefore be

Isotope N α β
73Ge 0.0749 - 0.2071 5.0 - 6.0 0.0304 - 0.0442
129Xe 0.0225 - 0.0524 4.0625 - 4.3159 0.001 - 0.0093
131Xe 0.0169 - 0.0274 3.9913 - 4.7075 0.05 - 0.105
127I 0.0297 - 0.0568 4.0050 - 4.4674 0.05 - 0.057
23Na 0.0098 - 0.0277 2.0 - 3.5287 0 - 0.1250
19F 0.0505 - 0.1103 2.9679 - 3.0302 0 - 0.0094

Table 1: Ranges considered for the parameters N , α and β that describe the SDSFs (see
Eq. 4) for the isotopes studied in this work.
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Figure 1: Light blue area: SDSFs as a function of u = (qA1/6)2/2 for ap/an = −1 from Eq. 4
(parameters varying within the ranges of Tab. 1). Blue dashed (solid) line: Klos et al. min
(max) model.41 Red dashed line: gaussian approximation.42 a) Black dashed (solid) line:
Resell et al.43 (Dimitrov et al.44). b,c,d) Black dashed (solid) line: Bonn (Nijm).45 e) Black
dashed (solid) line: Resell-Dean45 (Vergados et al.46). f) Black solid line: Vergados et al.46

2.2 Results for Ge and Xe

As in our previous paper,24 we start the analysis studying the complementarity of two exper-
iments, based, respectively on Ge and Xe. Such elements are employed by the collaborations
producing the currently most stringent limits on WIMP properties and are contemplated in
projects planning to extend the search to the ton scale (e.g. EURECA, SuperCDMS and
XENON1T) or even to the multi-ton scale (LZ48 and DARWIN49). Consequently, these tar-
gets are expected to represent the most sensitive experiments (at least in the most general
WIMP scenarios) in the near future.
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Experimental setups for Ge and Xe 
- Background free experiments (in previous works we have shown that 
the expected levels of background in these detectors do not affect the 
complementary conclusions) 

- 3 keV threshold for each 

- We use natural abundances for each of the nuclei 
- Exposure of 300 kg yr (1 ton yr with 30% of efficiency) 

Playing with Ge and Xe

- Maximum energy: 100 keV for Ge and 43 keV for Xe

- Gaussian energy resolution



Current experiments (Ge,Xe)
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LET’S SEE A BENCHMARK POINT IN WHICH THE 
RATE IS SD-DOMINATED IN GE AND XE

For light DM (20 GeV) and SI-
dominated signals in Ge and Xe 

the combination of Ge and Xe like 
experiments is 

NOT COMPLEMENTARY
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Experimental setups for the bolometers 
- Background free experiments (in previous works we have shown that 
the expected levels of background in these detectors do not affect the 
complementary conclusions) 

- 10 keV threshold for each 

- We use natural abundances for each of the nuclei 
- Exposure of 300 kg yr (1 ton yr with 30% of efficiency)

Including the bolometers 
LiF - CaWO4 - CaF2- NaI

- Maximum energy: 100 keV

- Energy resolution: 5% FWHM

- For NaI: thermal quenching of 0.85, 1.0 and 1.15
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Experimental setups for the bolometers 
- Background free experiments (in previous works we have shown that 
the expected levels of background in these detectors do not affect the 
complementary conclusions) 

- 10 keV threshold for each 

- We use natural abundances for each of the nuclei 
- Exposure of 300 kg yr (1 ton yr with 30% of efficiency)

- Maximum energy: 100 keV

- Energy resolution: 5% FWHM

- For NaI: thermal quenching of 0.85, 1.0 and 1.15

WE START WITH CASE OF SI 
DOMINATED RATE IN GE AND XE

Including the bolometers 
LiF - CaWO4 - CaF2- NaI
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AGAIN LET’S SEE A BENCHMARK POINT IN WHICH 
THE RATE IS SD-DOMINATED IN GE AND XE

Ge + Xe + LiF 

Ge + Xe + CaF2 

COMPLEMENTARY
Ge + Xe + CaWO4 

Ge + Xe + NaI 

NOT COMPLEMENTARY 

(but a considerable improvement)
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Ge + Xe + LiF 

Ge + Xe + CaF2 

NOT COMPLEMENTARY
Ge + Xe + CaWO4 

Ge + Xe + NaI 

NOT COMPLEMENTARY

HOWEVER, IN ALL CASES THE MASS AND SD CROSS 
SECTION CAN BE RECONSTRUCTED AT 99% CL 

A GOOD IMPROVEMENT!!!
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Conclusions

- We investigate how the combination of different targets in   
 direct detection experiments helps in determining the DM   
 properties 
- Ge and Xe can be good for discovery but might not be able  
 to measure all DM properties 
- The situation seems to be more promising for the targets      
 investigated here: LiF, CaF2, NaI and CaWO4 
- We are generalizing the analysis for bigger regions of the 

parameter space and implementing the new experimental 
features for targets like CaWO4  (see talk by R. Strauss)  

Miguel Peiró. TeVPA/IDM Amsterdam June ’14. 



Thanks!
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Figure 9: The dark blue region represents the area of the (σSI , σSD) plane for which complementarity

is obtained for CaWO4, Al2O3 and LiF in the case of a WIMP mass of mχ = 50 GeV. The light blue

region is a measure of the uncertainty of our grid scan (see text). The black line corresponds to

the upper constraint obtained from XENON100 data (using the BonnA result for the SD structure

function [59]). Points above the dashed line predict more than 4.9 events in XENON100 and are

therefore excluded by the recent experimental result [17] following a Feldmans-Cousin method [23].

For reference, points along the solid lines predict 2 events in XENON100.

So far we have observed that some targets perform better than others (in terms of com-

plementarity) in certain regions of the parameter space. In particular, for each of the targets

we can determine the regions in the parameter space for which complementarity is obtained.

In Fig. 9 we indicate the area (dark blue) of the (σSI , σSD) plane for which we obtain closed

contours in the reconstructed PL of the three DM parameters (mχ, σSI , σSD) for each of the

bolometric targets and a WIMP mass of mχ = 50 GeV. In order to obtain this region we have

performed a grid scan in the SD-SI plane for which the separation among points is limited

by computing time. The light blue region separates points leading to complementarity from

the nearest which do not, hence indicating the resolution of our grid scan. The areas are

different for the three bolometers studied. Consistently with the individual examples that

were analysed previously, we observe that the areas for Al2O3 and LiF are larger as com-

pared with the area for CaWO4, and shifted towards smaller values of σSD. For CaWO4 total

complementarity only occurs for a small region, very close to the current upper constraint

by XENON100. However, as we showed in various examples, it helps in the determination

of the WIMP mass and σSI . Needless to say, a reduction in the exposure would result in a

shift of the complementarity areas towards larger values of both σSI and σSD.

For completeness, we have determined the highest level of background for which comple-

mentarity is attained as a function of the exposure for each bolometer in a given benchmark

point, and represented the results in Fig. 10. We see how, for zero background, the exposure

for the three bolometers can be reduced. For Al2O3 and LiF this reduction can be very

significant. For example, in the benchmarks that we have chosen in Fig. 10, it suffices to

23

Full scan fixing the mass to 50 GeV
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were analysed previously, we observe that the areas for Al2O3 and LiF are larger as com-

pared with the area for CaWO4, and shifted towards smaller values of σSD. For CaWO4 total

complementarity only occurs for a small region, very close to the current upper constraint

by XENON100. However, as we showed in various examples, it helps in the determination

of the WIMP mass and σSI . Needless to say, a reduction in the exposure would result in a

shift of the complementarity areas towards larger values of both σSI and σSD.

For completeness, we have determined the highest level of background for which comple-

mentarity is attained as a function of the exposure for each bolometer in a given benchmark

point, and represented the results in Fig. 10. We see how, for zero background, the exposure

for the three bolometers can be reduced. For Al2O3 and LiF this reduction can be very

significant. For example, in the benchmarks that we have chosen in Fig. 10, it suffices to
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Figure 10: The solid line represents the maximum level of background for which complementarity is

attained as a function of the exposure for each of the bolometric targets for representative benchmark

points ((σSI ,σSD) = (6 × 10−10, 4 × 10−4) pb for CaWO4, (10−9, 5 × 10−5) pb for Al2O3, and

(10−9, 10−5) pb for LiF, from left to right) with mχ = 50 GeV. The expected total number of WIMP

recoil events is indicated in the top horizontal axis. Dotted lines denote the number of background

events per bin.

have a clear signal for DM in Al2O3 or LiF, even with a very reduced number of events (to

determine the lower bound we considered that 1 event in a background free experiment is

statistically significant). From these results we can also conclude that the complementary

areas of Fig. 9 would not shrink significantly if a moderate background is included. We have

to bear in mind that this computation was carried out assuming a flat background, for which

a DM signal can be easily distinguished. This assumption can be considered equivalent to

the estimate of the sensitivity of an experiment that does not surpass this background level

in any bin of the energy window, independently of the background dependence on energy.

4 Conclusions

In this work we have investigated the determination of DM parameters from a combined

use of different targets in direct detection experiments. More specifically, we study the

determination of the WIMP mass and the SI and SD components of its scattering cross section

off nucleons. We apply the method to a set of bolometric targets developed and characterised

by the ROSEBUD collaboration (Al2O3 and LiF) or in use in CRESST (CaWO4). We

investigate the conditions under which the DM parameters can be obtained unambiguously

when combining data from them and germanium and xenon experiments. In doing so, we take

into account astrophysical uncertainties in the DM halo properties and nuclear uncertainties

in the SD structure functions.

We first show how one ton scale germanium and xenon targets, which might excel in

24

Full scan fixing the mass to 50 GeV

Scanning the background and exposure level to have complementarity
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