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We don’t know yet what DM is... but we do know many of its properties 
 

Good candidates for Dark Matter have to fulfil the following conditions	
  

•  Neutral 
•  Stable on cosmological scales 
•  Reproduce the correct relic abundance 
•  Not excluded by current searches 
•  No conflicts with BBN or stellar evolution	
  

Many candidates in Particle Physics	
  

•  Axions 
•  Weakly Interacting Massive Particles (WIMPs) 
•  SuperWIMPs and Decaying DM 
•  WIMPzillas 
•  SIMPs, CHAMPs, SIDMs, ETCs... 	
  

... they have very different properties	
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LHC (ILC) 

Many DM models can be 
probed by the different 
experimental techniques 

“Redundant” detection can 
be used to extract DM 
properties 
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CRESST 
ANAIS 
SIMPLE 
... 

Complementarity of DM searches 
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DAMA/NaI (DAMA/LIBRA) signal on annual 
modulation 

Possible explanations in terms of “exotic” 
dark matter also constrained   

Kopp, Schwetz, Zupan ‘11 

•  Spin-dependent WIMP couplings 
•  Pseudoscalar DM 
•  Inelastic Dark Matter 
•  Very light WIMPs 
•  None of the above...? 
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FIG. 1: Constraints on elastic, spin-independent, isospin-conserving DM–nucleon scattering. We show the

parameter regions preferred by the CRESST-II and DAMA signals (for CoGeNT see fig. 2), together with

constraints from KIMS, CDMS (high threshold and low threshold analyses), XENON-100 and the CRESST

commissioning run.

recent CRESST analysis and the commissioning run data are based on different acceptance

cuts, and a direct comparison might be subject to systematic uncertainties.

In order to quantify agreement or disagreement between data sets, we use the parameter

goodness of fit (PG) test [71]. This test is based on the χ2 function

χ2
PG = ∆χ2

1 +∆χ2
2 with ∆χ2

i = χ2
i (global bf)− χ2

i,min , (5)

where the index i = 1, 2 labels the data sets whose compatibility is to be tested, and

∆χ2
i is the difference between the χ2 of the i-th data set at the global best fit point (i.e.,

at the minimum of χ2
1 + χ2

2) and the minimum χ2 from a fit to the i-th data set alone.

χ2
PG measures the “price” one has to pay for combining the data sets, compared to fitting

them independently. χ2
PG follows a χ2 distribution with a number of degrees of freedom

corresponding to the number of parameters to which both data sets are sensitive (see [71]

for a precise definition). As shown in Table I, the PG test finds consistency between the

full CRESST-II data set and the data from the commissioning run at the level of 10%. The

combined best fit point is obtained at mχ = 12.9 GeV and σp = 2.0× 10−41 cm2.

For comparison we show in fig. 1 also constraints imposed on the eSI DM mass and cross

section by various null searches, confirming that an interpretation of CRESST data in terms

of elastically scattering spin-independent and isospin-conserving dark matter is ruled out by

XENON-100 [10], CDMS [8], and the CDMS low threshold analysis [9]. As we can see from

Table I, the PG test gives a probability for consistency between CRESST versus CDMS and

XENON of less than 10−5.

Below,we discuss modified particle physics models with the aim of bringing CRESST

results into agreement with those bounds. Before we do that, however, let us briefly address

9

Direct detection, where do we stand? 

cumulative exposure 427,000 kg x day 
(13 annual cycles) 

DAMA/LIBRA Coll. ‘10 

... however other experiments (CDMS, 
Xenon, CoGeNT, ZEPLIN, Edelweiss, ...) did 
not confirm (its interpretation in terms of 
WIMPs).  
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Hints of light WIMPs in recent experimental results...? 

•  DAMA/LIBRA region extended to very light WIMPs (channelling, quenching factors, ...) 
Bottino, Fornengo, Scopel ‘09, DAMA/LIBRA ‘11 

•  CoGeNT finds irreducible background that can be compatible with 7-10 GeV WIMPs 

•  CRESST finds an excess over the expected background 
CRESST ‘11 

Collar et al. ‘10, ‘11 ... annual modulation (2.8 in 15 months data) in CoGeNT  
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10Direct WIMP Searches

Uncertainties in 
determination of DM 
parameters	
  

Belli et al. ‘11	
  

Isothermal sphere	
   Triaxial	
  
Many efforts in reconciling 
these results	
  

See, e.g., Andreas et al. ‘10; 
Schwetz, Zupan ‘11;  

Hooper, Kelso ‘11; 
Farina et al. ‘11;  

McCabe ‘11; 
Arina et al. ’11; 

... 
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However very light WIMPs have not shown up in other experiments 

•  XENON finds no light WIMPs: issues 
with scintillation efficiency (Leff)? 

Gelmini, Gondolo, Bozorgnia, ‘09 ‘10 

CDMS ‘11 

XENON10, XENON100 ‘11-12 

5

for moderate variations in the definition of any of the data
quality cuts. These events were observed on January 23,
February 12, and June 3, at 30.2 keVnr, 34.6 keVnr, and
12.1 keVnr, respectively. The event distribution in the
TPC is shown in Fig. 4. Given the background expecta-
tion of (1.8±0.6) events, the observation of 3 events does
not constitute evidence for dark matter, as the chance
probability of the corresponding Poisson process to re-
sult in 3 or more events is 28%.
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 expected! 2 ±
 expected! 1 ±

Buchmueller et al.

Trotta et al.

FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
σ as function of WIMP mass mχ. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method tak-
ing into account all relevant systematic uncertainties, is shown
as the thick (blue) line together with the expected sensitivity
of this run (yellow/green band). The limits from XENON100
(2010) [7], EDELWEISS (2011) [6], CDMS (2009) [5] (re-
calculated with vesc = 544 km/s, v0 = 220 km/s), CDMS
(2011) [19] and XENON10 (2011) [20] are also shown. Ex-
pectations from CMSSM are indicated at 68% and 95% CL
(shaded gray [21], gray contour [22]), as well as the 90% CL ar-
eas favored by CoGeNT [23] and DAMA (no channeling) [24].

The statistical analysis using the Profile Likelihood
method [17] does not yield a significant signal excess ei-
ther, the p-value of the background-only hypothesis is
31%. A limit on the spin-independent WIMP-nucleon
elastic scattering cross-section σ is calculated where
WIMPs are assumed to be distributed in an isothermal
halo with v0 = 220 km/s, Galactic escape velocity vesc =
(544+64

−46) km/s, and a density of ρχ = 0.3GeV/cm3. The
S1 energy resolution, governed by Poisson fluctuations of
the PE generation in the PMTs, is taken into account.
Uncertainties in the energy scale as indicated in Fig. 1,
in the background expectation and in vesc are profiled
out and incorporated into the limit. The resulting 90%
confidence level (CL) limit is shown in Fig. 5 and has
a minimum σ = 7.0 × 10−45 cm2 at a WIMP mass of
mχ = 50GeV/c2. The impact of Leff data below 3 keVnr

is negligible at mχ = 10GeV/c2. The sensitivity is the
expected limit in absence of a signal above background
and is also shown in Fig. 5. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is

weaker than expected. Within the systematic differences
of the methods, this limit is consistent with the one from
the optimum interval analysis, which calculates the limit
based only on events in the WIMP search region. Its
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, is 1471 kg × days.
This result excludes a large fraction of previously unex-
plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [21]. Moreover, the new result challenges
the interpretation of the DAMA [24] and CoGeNT [23]
results as being due to light mass WIMPs.
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CRESST (W) 

CRESST (Ca) 

•  CDMS: A low-energy reanalysis of 
the data is incompatible with 
CoGeNT region  

•  SIMPLE: Further constraints on DAMA/LIBRA (but not in the CoGeNT region) 

•  DAMA-LIBRA interpretation in terms of channelling is challenged 
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FIG. 1. (color online) The rate of CDMS II nuclear-recoil
band events is shown for the 5.0–11.9 keVnr interval (dark
blue), after subtracting the best-fit unmodulated rate, Γd,
for each detector. The horizontal bars represent the time
bin extents, the vertical bars show ±1σ statistical uncertain-
ties (note that one CDMS II time bin is of extremely short
duration). The CoGeNT rates (assuming a nuclear-recoil en-
ergy scale) and maximum-likelihood modulation model in this
energy range (light orange) are shown for comparison. The
CDMS exposure starts in late 2007, while the CoGeNT expo-
sure starts in late 2009.

rates in this energy range with amplitudes greater than

0.06 [keVnr kg day]−1 are excluded at the 99% C.L.

For comparison, a similar analysis was carried out us-

ing the publicly available CoGeNT data [19]. Our analy-

sis of CoGeNT data is consistent with previously pub-

lished analyses [6, 7, 14]. Figure 3 shows the modu-

lated spectrum of both CDMS II and CoGeNT, assum-

ing the phase (106 days) which best fits the CoGeNT

data over the full CoGeNT energy range. Compatibil-

ity between the annual modulation signal of CoGeNT

and the absence of a significant signal in CDMS is de-

termined by a likelihood-ratio test, which involves cal-

culating λ ≡ L0/L1, where L0 is the combined max-

imum likelihood of the CoGeNT and CDMS data as-

suming both arise from the same simultaneous best-fit

values of M and φ, while L1 is the product of the maxi-

mum likelihoods when the best-fit values are determined

for each dataset individually. The probability distribu-

tion function of −2 lnλ was mapped using simulation,

and agreed with the χ2 distribution with two degrees

of freedom, as expected in the asymptotic limit of large

statistics and away from physical boundaries. The simu-

lation found only 82 of the 5×103 trials had a likelihood

ratio more extreme than was observed for the two ex-

periments, confirming the asymptotic limit computation

which indicated 98.3% C.L. incompatibility between the

annual-modulation signals of CoGeNT and CDMS for the

5.0–11.9 keVnr interval.

We extend this analysis by applying the same method

to CDMS II single-scatter and multiple-scatter events

without applying the ionization-based nuclear-recoil cut.

These samples are both dominated by electron recoils.

Figure 4 shows the confidence intervals for the allowed
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FIG. 2. (color online) Allowed regions for annual modulation
of CoGeNT (light orange) and the CDMS II nuclear-recoil
sample (dark blue), for the 5.0–11.9 keVnr interval. In this
and the following polar plot, a phase of 0 corresponds to Jan-
uary 1st, the phase of a modulation signal predicted by generic
halo models (152.5 days) is highlighted by a dashed line, and
68% (thickest), 95%, and 99% (thinnest) C.L. contours are
shown.
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FIG. 3. (color online) Amplitude of modulation vs. energy,
showing maximum-likelihood fits for both CoGeNT (light or-
ange circles, 68% confidence interval shown with vertical line)
and CDMS nuclear-recoil singles (dark blue rectangles, 68%
confidence interval given by rectangle height). The phase that
best fits CoGeNT over all energies (106 days) was chosen for
this representation. The upper horizontal scale shows the
electron-recoil-equivalent energy scale for CoGeNT events.
The 5–11.9 keVnr energy range over which this analysis over-
laps with the low-energy channel of CoGeNT has been divided
into 3 (CDMS) and 6 (CoGeNT) equal-sized bins.
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FIG. 1. (color online) The rate of CDMS II nuclear-recoil
band events is shown for the 5.0–11.9 keVnr interval (dark
blue), after subtracting the best-fit unmodulated rate, Γd,
for each detector. The horizontal bars represent the time
bin extents, the vertical bars show ±1σ statistical uncertain-
ties (note that one CDMS II time bin is of extremely short
duration). The CoGeNT rates (assuming a nuclear-recoil en-
ergy scale) and maximum-likelihood modulation model in this
energy range (light orange) are shown for comparison. The
CDMS exposure starts in late 2007, while the CoGeNT expo-
sure starts in late 2009.

rates in this energy range with amplitudes greater than

0.06 [keVnr kg day]−1 are excluded at the 99% C.L.

For comparison, a similar analysis was carried out us-

ing the publicly available CoGeNT data [19]. Our analy-

sis of CoGeNT data is consistent with previously pub-

lished analyses [6, 7, 14]. Figure 3 shows the modu-

lated spectrum of both CDMS II and CoGeNT, assum-

ing the phase (106 days) which best fits the CoGeNT

data over the full CoGeNT energy range. Compatibil-

ity between the annual modulation signal of CoGeNT

and the absence of a significant signal in CDMS is de-

termined by a likelihood-ratio test, which involves cal-

culating λ ≡ L0/L1, where L0 is the combined max-

imum likelihood of the CoGeNT and CDMS data as-

suming both arise from the same simultaneous best-fit

values of M and φ, while L1 is the product of the maxi-

mum likelihoods when the best-fit values are determined

for each dataset individually. The probability distribu-

tion function of −2 lnλ was mapped using simulation,

and agreed with the χ2 distribution with two degrees

of freedom, as expected in the asymptotic limit of large

statistics and away from physical boundaries. The simu-

lation found only 82 of the 5×103 trials had a likelihood

ratio more extreme than was observed for the two ex-

periments, confirming the asymptotic limit computation

which indicated 98.3% C.L. incompatibility between the

annual-modulation signals of CoGeNT and CDMS for the

5.0–11.9 keVnr interval.

We extend this analysis by applying the same method

to CDMS II single-scatter and multiple-scatter events

without applying the ionization-based nuclear-recoil cut.

These samples are both dominated by electron recoils.

Figure 4 shows the confidence intervals for the allowed
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FIG. 3. (color online) Amplitude of modulation vs. energy,
showing maximum-likelihood fits for both CoGeNT (light or-
ange circles, 68% confidence interval shown with vertical line)
and CDMS nuclear-recoil singles (dark blue rectangles, 68%
confidence interval given by rectangle height). The phase that
best fits CoGeNT over all energies (106 days) was chosen for
this representation. The upper horizontal scale shows the
electron-recoil-equivalent energy scale for CoGeNT events.
The 5–11.9 keVnr energy range over which this analysis over-
laps with the low-energy channel of CoGeNT has been divided
into 3 (CDMS) and 6 (CoGeNT) equal-sized bins.

CDMS II 2012	
  

CDMS does not see annual modulation 

A recent analysis of CDMS II data has shown no evidence of modulation. 
 
This means a further tension with CoGeNT observation 
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Xenon10 

PICASSO 

COUPP 
DAMA-LIBRA 

(no channelling) 

DAMA-LIBRA 
(channelling) 

DAMA-LIBRA 
(channelling) 

DAMA-LIBRA 
(no channelling) 

KIMS 

Xenon10 

ZEPLIN III 

Dedicated experiments with targets sensitive to spin-dependent WIMP couplings 

SD coupling to protons SD coupling to neutrons 

Tevatron 

The DAMA-LIBRA interpretation in terms of spin-dependent couplings is not consistent 
with other detectors 

Tevatron 

SuperK 

Spin-dependent searches have also become more sensitive 
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Future searches... 

Future experiments (or upgrades of existing 
ones) will reach sensitivities ~ 10-9 -10 pb 

Advances in the light WIMP window are 
subject to improvements in low threshold 
experiments  
(e.g., CDMS, CRESST or CoGeNT?) 

How do these sensitivities compare with 
theoretical predictions for WIMP models? 

In case of a detection... (how well) can we determine the DM parameters? 

Xenon100 

CDMS (Soudan) 

CoGeNT 

DAMA-LIBRA 
(no channelling) 

DAMA-LIBRA 
(channelling) 

Xenon1T 

Super CDMS 

Plotted with DMTools 
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Scattered  
WIMP 

Recoiling 
Nucleus 

•  Ionization 
•  Scintillation light 
•  Increase of temperature (phonons) 
•  Bubble nucleation	
  

WIMP scattering with nuclei can be measured through	
  

Detection rate	
  

Astrophysical parameters	
  Experimental setup	
   Theoretical input	
  

Local DM density 
Velocity distribution factor	
  

Differential cross section 
(of WIMPs with quarks) 
 
Nuclear uncertainties 	
  

Target material (sensitiveness 
to spin-dependent and –
independent couplings) 
Detection threshold  

1 Introduction

2 Direct dark matter detection

Let us start by briefly reviewing some basic expressions describing the WIMP rate in

direct dark matter detection [1] (for a recent review see Ref. [2]).

The differential event rate for the elastic scattering of a WIMP with mass mχ off a

nucleus with mass mN is given by

dR

dER
=

ρ0
mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv , (2.1)

where ρ0 is the local WIMP density and f(v) is the WIMP speed distribution in the

detector frame normalized to unity. The integration over WIMP speeds is performed

from the minimum WIMP speed which can induce a recoil of energy ER: vmin =√
(mNER)/(2µ2

N) and a escape velocity vesc, the maximum speed in the Galactic rest

frame for WIMPs which are gravitationally bound to the Milky Way. The total event

rate is then calculated by integrating the differential event rate over all the possible

recoil energies,

R =

∫ ∞

ET

dER
ρ0

mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv . (2.2)

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

of measuring, and is a crucial parameter of the experimental setup.

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(scalar) and a spin-dependent contribution, and the total WIMP-nucleus cross section

is calculated by adding coherently the above spin and scalar components, using nuclear

wave functions. The differential cross section thus reads

dσWN

dER
=

mN

2µ2
Nv

2

(
σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)
, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the spin-

independent and -dependent contributions.

[DC: Not sure we should start with this since we do not determine the ex-

pressions of the effective Lagrangian and this is actually only for Fermions.
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The WIMP-nucleus cross section has two components 

Spin-independent contribution: scalar (or vector) coupling of WIMPs with quarks 	
  

Spin-dependent contribution: WIMPs couple to the quark axial current	
  

Total cross section with Nucleus scales as A2 	
  

Total cross section with Nucleus scales as J/(J+1) 	
  
Only present for nuclei with J≠ 0 and WIMPs with spin	
  

Present for all nuclei (favours heavy targets) and WIMPs	
  

2 Direct dark matter detection

Let us start by briefly reviewing the basic expressions that describe the WIMP rate in

direct dark matter detection [23] (for a recent review see Ref. [24]).

The differential event rate for the elastic scattering of a WIMP with mass mχ off a

nucleus with mass mN is given by

dR

dER
=

ρ0
mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv , (2.1)

where ρ0 is the local WIMP density and f(v) is the WIMP speed distribution in the

detector frame normalized to unity. The integration over WIMP speeds is performed

from the minimum WIMP speed which can induce a recoil of energy ER, vmin =
√

(mNER)/(2µ2
N), and a escape velocity vesc, the maximum speed in the Galactic rest

frame for WIMPs which are gravitationally bound to the Milky Way. The total event

rate is then calculated by integrating the differential event rate over all the possible

recoil energies,

R =

∫ ∞

ET

dER
ρ0

mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv . (2.2)

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

of measuring, and is a crucial parameter of the experimental setup.

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(SI) and a spin-dependent (SD) contribution, and the total WIMP-nucleus cross sec-

tion is calculated by adding coherently the above spin and scalar components, using

nuclear wave functions. The differential cross section thus reads

dσWN

dER
=

(

dσWN

dER

)

SI

+

(

dσWN

dER

)

SD

=
mN

2µ2
Nv

2

(

σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)

, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the SI and

SD contributions.

The observed number of dark matter events and the differential rate are subject

to uncertainties in the nuclear form factors and the parameters describing the dark

matter halo. Determining the impact of these is crucial to understand the capability
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loss which leads to a suppression in the event rate for heavy WIMPs or nucleons. In general,
we can express the differential cross section as

dσWN

dER
=

mN

2µ2
Nv2

(

σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)

, (5)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momentum

transfer.
The origin of the different contributions is best understood at the microscopic level, by

analysing the Lagrangian which describes the WIMP interactions with quarks. The contribu-
tions to the spin-independent cross section arise from scalar and vector couplings to quarks,
whereas the spin-dependent part of the cross section originates from axial-vector couplings.
These contributions are characteristic of the particular WIMP candidate (see, e.g., [2]) and
can be potentially useful for their discrimination in direct detection experiments.

2.1 Spin-dependent contribution

The contributions to the spin-dependent (SD) part of the WIMP-nucleus scattering cross
section arise from couplings of the WIMP field to the quark axial current, q̄γµγ5q. For
example, if the WIMP is a (Dirac or Majorana) fermion, such as the lightest neutralino in
supersymmetric models, the Lagrangian can contain the term

L ⊃ αA
q (χ̄γ

µγ5χ)(q̄γµγ5q) . (6)

If the WIMP is a spin 1 field, such as in the case of LKP and LTP, the interaction term is
slightly different,

L ⊃ αA
q ε

µνρσ(Bρ

↔

∂µ Bν)(q̄γ
σγ5q) . (7)

In both cases, the nucleus, N , matrix element reads

〈N |q̄γµγ5q|N〉 = 2λN
q 〈N |JN |N〉 , (8)

where the coefficients λN
q relate the quark spin matrix elements to the angular momentum of

the nucleons. They can be parametrized as

λN
q $

∆(p)
q 〈Sp〉+∆(n)

q 〈Sn〉
J

, (9)

where J is the total angular momentum of the nucleus, the quantities ∆qn are related to

the matrix element of the axial-vector current in a nucleon, 〈n|q̄γµγ5q|n〉 = 2s(n)µ ∆(n)
q , and

〈Sp,n〉 = 〈N |Sp,n|N〉 is the expectation value of the spin content of the proton or neutron
group in the nucleus1. Adding the contributions from the different quarks, it is customary to
define

ap =
∑

q=u,d,s

αA
q√

2GF
∆p

q ; an =
∑

q=u,d,s

αA
q√

2GF
∆n

q , (10)

1These quantities can be determined from simple nuclear models. For example, the single-particle shell
model assumes the nuclear spin is solely due to the spin of the single unpaired proton or neutron, and therefore
vanishes for even nuclei. More accurate results can be obtained by using detailed nuclear calculations.
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and

Λ =
1

J
[ap〈Sp〉+ an〈Sn〉] . (11)

The resulting differential cross section can then be expressed (in the case of a fermionic
WIMP) as

(

dσWN

dER

)

SD
=

16mN

πv2
Λ2G2

FJ(J + 1)
S(ER)

S(0)
, (12)

(using d|#q|2 = 2mNdER). The expression for a spin 1 WIMP can be found, e.g., in Ref. [2].
In the parametrization of the form factor it is common to use a decomposition into

isoscalar, a0 = ap + an, and isovector, a1 = ap − an, couplings

S(q) = a20S00(q) + a0a1S01(q) + a21S11(q) , (13)

where the parameters Sij are determined experimentally.

2.2 Spin-independent contribution

Spin-independent (SI) contributions to the total cross section may arise from scalar-scalar
and vector-vector couplings in the Lagrangian:

L ⊃ αS
q χ̄χq̄q + αV

q χ̄γµχq̄γ
µq . (14)

The presence of these couplings depends on the particle physics model underlying the WIMP
candidate. In general one can write

(

dσWN

dER

)

SI
=

mNσ0F 2(ER)

2µ2
Nv2

, (15)

where the nuclear form factor for coherent interactions F 2(ER) can be qualitatively under-
stood as a Fourier transform of the nucleon density and is usually parametrized in terms of
the momentum transfer as [3; 4]

F 2(q) =
(

3j1(qR1)

qR1

)2

exp
[

−q2s2
]

, (16)

where j1 is a spherical Bessel function, s % 1 fm is a measure of the nuclear skin thickness,
and R1 =

√
R2 − 5s2 with R % 1.2A1/2 fm. The form factor is normalized to unity at zero

momentum transfer, F (0) = 1.
The contribution from the scalar coupling leads to the following expression for the WIMP-

nucleon cross section,

σ0 =
4µ2

N

π
[Zfp + (A− Z)fn]2 , (17)

with
fp

mp
=

∑

q=u,d,s

αS
q

mq
fp
Tq +

2

27
fp
TG

∑

q=c,b,t

αS
q

mq
, (18)

where the quantities fp
Tq represent the contributions of the light quarks to the mass of the

proton, and are defined as mpf
p
Tq ≡ 〈p|mq q̄q|p〉. Similarly the second term is due to the
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Kaluza-Klein dark matter can have similar interaction cross section 
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Not really if we look at the whole parameter space... 	
  

Information on spin-dependent WIMP couplings can prove important to distinguish models 
3

FIG. 1: Theoretical predictions for σSD
p versus σSI

p obtained from a set of random scans in the various supersymmetric (effMSSM
and supergravity-inspired) scenarios (left) and in the UED scenario (right). All the points fulfil existing experimental constraints
and reproduce the correct dark matter relic density. The current and projected sensitivities of the CDMS detector (25 kg stage)
are also represented with solid and dot-dashed lines, respectively, together with the potential reach of COUPP (dashed lines).
The sensitivity of COUPP at 1 ton target mass is based on the goal of matching the lowest alpha-emitter concentrations so far
achieved in neutrino experiments [7] (e.g., KAMLAND [11]).

mq(1) . The resulting spin-dependent and -independent
LKP detection cross section is represented in Fig. 1b),
where (in view of the aforementioned theoretical uncer-
tainties on the B(1) parameters) we took a rather liberal
approach, and let the B(1) mass mB(1) , and the normal-
ized mass difference between the first level KK quarks
and the B(1), Rq(1) ≡ (mB(1) − mq(1))/mB(1) , to vary in-
dependently in the range 300 GeV ≤ mB(1) ≤ 2000 GeV,
and 0.01 ≤ Rq(1) ≤ 0.5. Note that masses mB(1) ! 300
GeV are excluded by electroweak precision data [25, 26].
As one can see, LKP models tend to populate a differ-
ent region of the parameter space with respect to SUSY
scenarios, due to the larger spin-dependent cross-section.

WIMP Discovery and Identification. The discovery of
neutralino DM might take place through either scalar or
axial coupling. In contrast, discovery of LKP DM is for
most, but not all, models expected to occur through ax-
ial coupling. The ability of COUPP to run with a target
such as CF3I, which has optimal SI, SDn, and SDp cou-
plings, is an advantage of this experiment in the race
for first detection. Supposing an experiment succeeds in
directly detecting DM particles, it is interesting to con-
sider how the nature of the DM (e.g. neutralino or LKP)
might be determined. The possibility of running with a
range of detection fluids makes COUPP well-poised to
determine the nature of DM upon successful detection.
As shown in Fig. 2(a), measurement of an event rate in a
single detector does reduce allowed models, but does not
generally place significant constraints on coupling param-
eters or on the nature of detected DM (i.e. neutralino or
LKP). However, as shown in Fig. 2b), subsequent detec-

tion of an event rate on a second target does substantially
reduce the allowed range of coupling parameters, and al-
lows, in most cases, an effective discrimination between
neutralino and LKP DM (it has recently been pointed
out [27] that a combination of direct and indirect detec-
tion techniques might also help distinguishing between
these two candidates). The combination of detector flu-
ids used in Fig. 2 is effective in reducing the allowed range
of σSI

p /σSD
p because massive iodine nuclei have a large SI

coupling, while fluorine nuclei have a large SDp coupling.
It must be noted that fluorine and iodine have very simi-
lar neutron cross sections. Monte Carlo simulations show
that CF3I and C3F8 or C4F10 exhibit essentially the same
response to any residual neutron background, i.e., neu-
trons cannot mimic an observed behavior such as that
described in the discussion of Fig. 2. Other combinations
of targets such as germanium and silicon are more prone
to systematic effects where residual neutron recoils can
mimic the response expected from a WIMP with domi-
nant spin-independent couplings.

Conclusions. As we have shown with Fig. 1, in cer-
tain phenomenological scenarios a detector sensitive ex-
clusively to one mode of interaction may lack sensitivity
to a large fraction of WIMP candidates. The possibility of
operating experiments, such as COUPP, with a range of
detection fluids, makes them ideally suited to determine
the nature of dark matter upon successful detection, i.e.,
to distinguish between LKP and neutralino candidates,
and in the second case, to pinpoint the properties of the
particle in an otherwise vast supersymmetric parameter
space. The arguments presented here for the case study

Kaluza-Klein DM	
  Neutralino	
  

“Advance in both fronts” (spin-dependent and -independent) to gain discriminating power 

There can be correlations in the “phenomenological parameters”  
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Determining the full set of parameters provides crucial information	
  

mX σSI
p	
   σSD
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Can we determine to which DM model it corresponds?	
  

Figure 3: Predictions for σSI
χp vs σSD

χp in MSSMQ(black), MUED (red), LHM (green),
RHNM (pink). b) σSI

χp as a function of the CDM mass, same color code as a) with in
addition the model IDM (black)

direct detection rate. We also insure that the CDM relic density satisfies the WMAP
upper bound and that the charged Higgs is not the CDM.

The SI cross sections are suppressed by the heavy B1 mass, eq. 17, the larger cross
sections are therefore expected for the lighter CDM particles, see fig. 3b. Typically, more
than an order of magnitude improvement in detectors sensitivities is needed to probe
the parameter space of the model and a large fraction of the models, specially those
with a CDM at the TeV scale, will remain inaccessible to the large scale detectors. The
main characteristic of this model is the correlation between SI and SD cross sections,
this is because the heavy KK-quark exchange contributes to both modes. As a result SD
interactions could be accessible in cases where rates are too low for SI interactions. This
is in sharp contrast with the MSSMH.

4.1.4 LHM

The LHM with T-parity contains in addition to heavy gauge bosons, heavy T-odd fermions
as well as a new T-even heavy top quark. We choose as free parameters the Higgs mass,
f , κ and sα. f sets the scale of the heavy gauge bosons and fermions in particular the
heavy photon of mass

MAH
=

g′f√
5

[

1 −
5v2

8f 2

]

(24)

with v the usual vev of the Higgs. κ is an additional parameter that enters the fermion
masses, for example for a heavy down-type quark, Md =

√
2κf . For simplicity we assume

an universal factor κ for all heavy fermions. sα depends on the ratio of the Yukawa
couplings of T-even and T-odd top quarks. [106] This parameter enters the top quark
mass as well as couplings involving standard and heavy top quarks.
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Determining the full set of phenomenological parameters 
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Is nevertheless important to distinguish between 
different WIMP models	
  

The complete identification of the WIMP may not be 
possible from just the phenomenological parameters 

All WIMPs behave very similarly (not surprisingly) 

Can we determine the DM model from future data?	
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F r om t he ob s e r ved ra t e and 
differential rate the cross section and 
mass of the WIMP can be determined 	
  

Green ‘07-10; Drees et al. ’08’09 

If there is a positive detection the DM parameters can be determined	
  

1 Introduction

2 Direct dark matter detection

Let us start by briefly reviewing some basic expressions describing the WIMP rate in

direct dark matter detection [1] (for a recent review see Ref. [2]).

The differential event rate for the elastic scattering of a WIMP with mass mχ off a

nucleus with mass mN is given by

dR

dER
=

ρ0
mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv , (2.1)

where ρ0 is the local WIMP density and f(v) is the WIMP speed distribution in the

detector frame normalized to unity. The integration over WIMP speeds is performed

from the minimum WIMP speed which can induce a recoil of energy ER: vmin =√
(mNER)/(2µ2

N) and a escape velocity vesc, the maximum speed in the Galactic rest

frame for WIMPs which are gravitationally bound to the Milky Way. The total event

rate is then calculated by integrating the differential event rate over all the possible

recoil energies,

R =

∫ ∞

ET

dER
ρ0

mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv . (2.2)

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

of measuring, and is a crucial parameter of the experimental setup.

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(scalar) and a spin-dependent contribution, and the total WIMP-nucleus cross section

is calculated by adding coherently the above spin and scalar components, using nuclear

wave functions. The differential cross section thus reads

dσWN

dER
=

mN

2µ2
Nv

2

(
σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)
, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the spin-

independent and -dependent contributions.

[DC: Not sure we should start with this since we do not determine the ex-

pressions of the effective Lagrangian and this is actually only for Fermions.

2

4.1 Energy dependence

The shape of the differential event rate depends on the WIMP and target masses, the WIMP
velocity distribution and the form factor. For the standard halo model the expression for the
differential event rate, eq. 1, can be rewritten approximately (c.f. Ref.[42]) as

dR

dER
≈

(

dR

dER

)

0
F 2(ER) exp

(

−
ER

Ec

)

, (26)

where (dR/dER)0 is the event rate in the E → 0 keV limit. The characteristic energy scale
is given by Ec = (c12µ2

Nv2c )/mN where c1 is a parameter of order unity which depends on
the target nuclei. If the WIMP is much lighter than the target nuclei, mχ $ mN , then
Ec ∝ m2

χ/mN while if the WIMP is much heavier than the target nuclei Ec ∝ mN . The total
recoil rate is directly proportional to the WIMP number density, which varies as 1/mχ.

In fig. 1 we plot the differential event rate for Ge and Xe targets and a range of WIMP
masses. As expected, for a fixed target the differential event rate decreases more rapidly with
increasing recoil energy for light WIMPs. For a fixed WIMP mass the decline of the differen-
tial event rate is steepest for heavy target nuclei. The dependence of the energy spectrum on
the WIMP mass allows the WIMP mass to be estimated from the energies of detected events
(e.g. Ref. [43]). Furthermore the consistency of energy spectra measured by experiments
using different target nuclei would confirm that the events were due to WIMP scattering
(rather than, for instance, neutron backgrounds) [42]. In particular, for spin independent
interactions, the total event rate scales as A2. The is sometimes referred to as the ‘materials
signal’.

The WIMP and target mass dependence of the differential event rate also have some
general consequences for experiments. The dependence of the total event rate on mχ means
that, for fixed cross-section, a larger target mass will be required to detect heavy WIMPs
than lighter WIMPs. For very light WIMPs the rapid decrease of the energy spectrum with
increasing recoil energy means that the event rate above the detector threshold energy, ET ,
may be small. If the WIMP is light, < O(10GeV), a detector with a low, < O( keV),
threshold energy will be required.

The most significant astrophysical uncertainties in the differential event rate come from
the uncertainties in the local WIMP density and circular velocity. As discussed in Sec. 3.1 the
uncertainty in the local DM density translates directly into an uncertainty in constraints on
(or in the future measurements of) the scattering cross-section. The time averaged differential
event rate is found by integrating the WIMP velocity distribution, therefore it is only weakly
sensitive to changes in the shape of the WIMP velocity distribution. For the smooth halo
models discussed in Sec. 3.2 the time averaged differential event rates are fairly similar to
that produced by the standard halo model [44; 45]. Consequently exclusion limits vary only
weakly [45; 46] and there would be a small (of order a few per-cent) systematic uncertainty
in the WIMP mass deduced from a measured energy spectrum [47]. With multiple detectors
it would in principle be possible to measure the WIMP mass without any assumptions about
the WIMP velocity distribution [48].

In the extreme case of the WIMP distribution being composed of a small number of
streams the differential event rate would consists of a series of (sloping due to the form
factor) steps. The positions of the steps would depend on the stream velocities and the
target and WIMP masses, while the relative heights of the steps would depend on the stream
densities.
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Figure 1: The dependence of the spin independent differential event rate on the WIMP mass
and target. The solid and dashed lines are for Ge and Xe respectively and WIMP masses of
(from top to bottom at ER = 0keV) 50, 100 and 200 keV. The scattering cross-section on
the proton is taken to be σSI

p = 10−8 pb.

4.2 Time dependence

The Earth’s orbit about the Sun leads to a time dependence, specifically an annual modula-
tion, in the differential event rate [29; 49]. The Earth’s speed with respect to the Galactic
rest frame is largest in Summer when the component of the Earth’s orbital velocity in the
direction of solar motion is largest. Therefore the number of WIMPs with high (low) speeds
in the detector rest frame is largest (smallest) in Summer. Consequently the differential event
rate has an annual modulation, with a peak in Winter for small recoil energies and in Summer
for larger recoil energies [50]. The energy at which the annual modulation changes phase is
often referred to as the ‘crossing energy’.

Since the Earth’s orbital speed is significantly smaller than the Sun’s circular speed the
amplitude of the modulation is small and, to a first approximation, the differential event rate
can, for the standard halo model, be written approximately as a Taylor series:

dR

dER
≈

¯(

dR

dER

)

[1 +∆(ER) cosα(t)] , (27)

where α(t) = 2π(t − t0)/T , T = 1 year and t0 ∼ 150 days. In fig. 2 we plot the energy

dependence of the amplitude in terms of vmin (recall that vmin ∝ E1/2
R with the constant of

proportionality depending on the WIMP and target nuclei masses). The amplitude of the
modulation is of order 1-10 %.

The Earth’s rotation provides another potential time dependence in the form of a diur-
nal modulation as the Earth acts as a shield in front of the detector [51; 52], however the
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Figure 2. The distribution of the maximum likelihood WIMP masses, mχ, and cross-
sections, σp, for exposures of (top row, left to right and then bottom row left to right)
E = 3 × 102, 3 × 103, 3 × 104 and 3 × 105 kg day. For E = 3 × 102 kg day we explicitly
plot the results from all 104 Monte Carlo experiments. For the larger exposures we
plot contours containing 68% and 95% of the probability distribution. In each panel
the large cross denotes the input parameters: mχ = 100 GeV, σp = 10−7 pb.

carried out assuming a Maxwellian speed distribution with vc = 220 km s−1. For each

experiment the extended likelihood is maximized for WIMP parameters which produce

an expected number of events equal to the actual number of events observed in that
experiment: λ(mχ, σp) = Nexpt. This means that, for fixed exposure, the ML parameters

are localized on curves corresponding to fixed Nexpt. For a given experiment the position

of the ML parameters on the curve depends on the energies of the observed events. For

E = 3 × 102 kg day, λin = 7.8, which is sufficiently small that the stratification of ML

parameters is clearly visible and we hence plot the actual pairs of mχ − σp values. For

the larger exposures the mean number of events expected is proportionately larger, the
stratification is no longer visible, the ML values are better localized in the mχ−σp plane

and we instead plot contours containing 68% and 95% of the simulated experiments.

We calculate the continuous probability distribution of mχ and σp by smoothing the ML

values from the 104 Monte Carlo simulations with a double gaussian kernel and summing
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1 Introduction

2 Direct dark matter detection

Let us start by briefly reviewing some basic expressions describing the WIMP rate in

direct dark matter detection [1] (for a recent review see Ref. [2]).

The differential event rate for the elastic scattering of a WIMP with mass mχ off a

nucleus with mass mN is given by

dR

dER
=

ρ0
mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv , (2.1)

where ρ0 is the local WIMP density and f(v) is the WIMP speed distribution in the

detector frame normalized to unity. The integration over WIMP speeds is performed

from the minimum WIMP speed which can induce a recoil of energy ER: vmin =√
(mNER)/(2µ2

N) and a escape velocity vesc, the maximum speed in the Galactic rest

frame for WIMPs which are gravitationally bound to the Milky Way. The total event

rate is then calculated by integrating the differential event rate over all the possible

recoil energies,

R =

∫ ∞

ET

dER
ρ0

mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv . (2.2)

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

of measuring, and is a crucial parameter of the experimental setup.

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(scalar) and a spin-dependent contribution, and the total WIMP-nucleus cross section

is calculated by adding coherently the above spin and scalar components, using nuclear

wave functions. The differential cross section thus reads

dσWN

dER
=

mN

2µ2
Nv

2

(
σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)
, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the spin-

independent and -dependent contributions.

[DC: Not sure we should start with this since we do not determine the ex-

pressions of the effective Lagrangian and this is actually only for Fermions.

2

4.1 Energy dependence

The shape of the differential event rate depends on the WIMP and target masses, the WIMP
velocity distribution and the form factor. For the standard halo model the expression for the
differential event rate, eq. 1, can be rewritten approximately (c.f. Ref.[42]) as

dR

dER
≈

(

dR

dER

)

0
F 2(ER) exp

(

−
ER

Ec

)

, (26)

where (dR/dER)0 is the event rate in the E → 0 keV limit. The characteristic energy scale
is given by Ec = (c12µ2

Nv2c )/mN where c1 is a parameter of order unity which depends on
the target nuclei. If the WIMP is much lighter than the target nuclei, mχ $ mN , then
Ec ∝ m2

χ/mN while if the WIMP is much heavier than the target nuclei Ec ∝ mN . The total
recoil rate is directly proportional to the WIMP number density, which varies as 1/mχ.

In fig. 1 we plot the differential event rate for Ge and Xe targets and a range of WIMP
masses. As expected, for a fixed target the differential event rate decreases more rapidly with
increasing recoil energy for light WIMPs. For a fixed WIMP mass the decline of the differen-
tial event rate is steepest for heavy target nuclei. The dependence of the energy spectrum on
the WIMP mass allows the WIMP mass to be estimated from the energies of detected events
(e.g. Ref. [43]). Furthermore the consistency of energy spectra measured by experiments
using different target nuclei would confirm that the events were due to WIMP scattering
(rather than, for instance, neutron backgrounds) [42]. In particular, for spin independent
interactions, the total event rate scales as A2. The is sometimes referred to as the ‘materials
signal’.

The WIMP and target mass dependence of the differential event rate also have some
general consequences for experiments. The dependence of the total event rate on mχ means
that, for fixed cross-section, a larger target mass will be required to detect heavy WIMPs
than lighter WIMPs. For very light WIMPs the rapid decrease of the energy spectrum with
increasing recoil energy means that the event rate above the detector threshold energy, ET ,
may be small. If the WIMP is light, < O(10GeV), a detector with a low, < O( keV),
threshold energy will be required.

The most significant astrophysical uncertainties in the differential event rate come from
the uncertainties in the local WIMP density and circular velocity. As discussed in Sec. 3.1 the
uncertainty in the local DM density translates directly into an uncertainty in constraints on
(or in the future measurements of) the scattering cross-section. The time averaged differential
event rate is found by integrating the WIMP velocity distribution, therefore it is only weakly
sensitive to changes in the shape of the WIMP velocity distribution. For the smooth halo
models discussed in Sec. 3.2 the time averaged differential event rates are fairly similar to
that produced by the standard halo model [44; 45]. Consequently exclusion limits vary only
weakly [45; 46] and there would be a small (of order a few per-cent) systematic uncertainty
in the WIMP mass deduced from a measured energy spectrum [47]. With multiple detectors
it would in principle be possible to measure the WIMP mass without any assumptions about
the WIMP velocity distribution [48].

In the extreme case of the WIMP distribution being composed of a small number of
streams the differential event rate would consists of a series of (sloping due to the form
factor) steps. The positions of the steps would depend on the stream velocities and the
target and WIMP masses, while the relative heights of the steps would depend on the stream
densities.
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Parameter Prior range Prior constraint
log10 (mχ/GeV) (0.1, 3.0) Uniform prior
log10 (σ

p
SI/pb) (−10,−6) Uniform prior

ρ0/(GeV/cm3) (0.001, 0.9) Gaussian: 0.4± 0.1
v0/(km/s) (80, 380) Gaussian: 230± 30
vesc/(km/s) (379, 709) Gaussian: 544± 33
k (0.5, 3.5) Uniform prior

TABLE II: Parameters used in our analysis, with their prior range (middle column) and the prior constraint adopted (rightmost
column). See Section IV and V for further details.

Carlo Markov Chain (MCMC) techniques would be suf-

ficient to explore it. However, MultiNest also computes

the Bayesian evidence (which MCMC methods do not re-

turn), as it is an implementation of the nested sampling

algorithm [52]. In this work, we run MultiNest with 2000

live points, an efficiency parameter of 1.0 and a tolerance

of 0.8 (see [49, 50] for details).

V. VELOCITY DISTRIBUTION AND

GALACTIC MODEL PARAMETERS

We now move onto discussing our modeling of the ve-

locity distribution function and the Galactic model pa-

rameters that are input for Eq. (3). We model only

the smooth component of the velocity distribution –

recent results from numerical simulations indicate that

the velocity distribution component arising from lo-

calised streams and substructures is likely sub-dominant

in the calculation of direct dark matter detection sig-

nals [53, 54].

We model the velocity distribution function as spheri-

cal and isotropic, and parameterise it as [55],

f(w) =

�
1
Nf

�
exp

�
v2
esc−w2

kv2
0

�
− 1

�k
if w ≤ vesc

0 if w > vesc
. (12)

This velocity distribution function was found to be flex-

ible enough to describe the range of dark matter halo

profiles found in cosmological simulations [55]. Boosting

into the rest frame of the Earth implies the transforma-

tion w2
= v2+v2e+2vvecosθ, where θ is the angle between

�v and �ve ∼ �vlsr. The shape parameter that determines

the power law tail of the velocity distribution is k, the
escape velocity is vesc, while v0 is a fit parameter that we

discuss in detail below, and Nf is the appropriate nor-

malisation constant. The special case k = 1 represents

the standard halo model with a truncated Maxwellian

distribution, and the corresponding expressions for Nf

and F have been derived analytically in the literature –

see for instance [18]. Note as well that, for any value

of k, this distribution matches a Maxwellian distribution

for sufficiently small velocities w and if vesc > v0.
The high-velocity tail of the distributions found in nu-

merical simulations of pure dark matter galactic halos are

well modelled by 1.5 < k < 3.5 [55]. In our analysis we

will expand this range to also include models that behave

similar to pure Maxwellian distributions near the tail of

the distribution, so that in our analysis we vary k in the

range

k = 0.5− 3.5 (flat) . (13)

We adopt an uniform (i.e., flat) prior within the above

range for k.
The range we take for the vesc is motivated by the re-

sults of Ref. [56], where a sample of high-velocity stars is

used to derive a median likelihood local escape velocity

of v̄esc = 544 km/s and a 90% confidence level interval

498 km/s < vesc < 608 km/s. Assuming Gaussian errors

this translates into a 1σ uncertainty of 33 km/s. It is im-

portant to note that this constraint on the escape velocity

is derived assuming a range in the power law tail for the

distribution of stars in the local neighbourhood, which

is then related to the power law tail in the dark matter

distribution [56]. Motivated by obtaining conservative

limits on the reconstructed mass and cross-section of the

dark matter, in our modelling we will not include such

correlations between the escape velocity and the power

law index k, so that in the end we take a Gaussian prior

on vesc with mean and standard deviation given by

vesc = 544± 33 km/s (1σ) . (14)

Having specified ranges for vesc and k, it remains to

consider a range for v0 in Eq. (12). As defined in that

equation, the quantity v0 does not directly correspond

to the local circular velocity, vlsr, but rather is primarily

set by vlsr and the dark matter profile. Following a pro-

cedure similar to that discussed in Ref. [55], we find the

range of values v0 compatible with a given a dark matter

halo profile, ρ0 and a range for vlsr. For the above range

in vlsr and the values ρ0 in Eq. (16) below, we find that

the parameter v0 can take values in the range 200− 300

km/s for pure Navarro-Frenk-White (NFW) dark matter

halos with outer density slopes ρ ∝ r−3
. Larger values of

v0 are allowed for steeper outer density slopes, though the

range is found to not expand significantly if we restrict

ourselves to models with outer slopes similar to the NFW

case. With these caveats in mind regarding the mapping

between v0 and vlsr for steeper outer slopes, for simplic-

ity and transparency in our analysis, we will consider a

similar range for v0 as for the local circular velocity, so

we take v0 = vlsr (that holds in the case of the standard

halo model).
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FIG. 1: The joint 68% and 95% posterior probability contours in the mχ − σp
SI plane for the three DM benchmarks

(mχ = 25, 50, 250 GeV) with fixed Galactic model, i.e. fixed astrophysical parameters. In the left frame we show the re-
construction capabilities of Xe, Ge and Ar configurations separately, whereas in the right frame the combined data sets Xe+Ge
and Xe+Ge+Ar are shown.

For the local circular velocity and its uncertainty, a va-

riety of measurements presents a broad range of central

values and uncertainties [57]. To again remain conserva-

tive we use an interval bracketing recent determinations:

v0 = vlsr = 230± 30 km/s (1σ) , (15)

where we take a Gaussian prior with the above mean and

standard deviation. To account for the variation of the

local density of dark matter in our modeling, we will take

a mean value and error given by [58, 59]

ρ0 = 0.4± 0.1 GeV/cm
3

(1σ) , (16)

There are several other recent results that determine ρ0,
both consistent [60] and somewhat discrepant [61] with

our adopted value. Even in light of these uncertainties,

we take Eq. (16) to represent a conservative range for the

purposes of our study.

For completeness Table II summarises the information

on the parameters used in our analysis.

VI. RESULTS

A. Complementarity of targets

We start by assuming the three dark matter bench-

mark models described in Section II (mχ = 25, 50, 250
GeV with σp

SI = 10
−9

pb) and fix the Galactic model

parameters to their fiducial values, ρ0 = 0.4 GeV/cm3
,

v0 = 230 km/s, vesc = 544 km/s, k = 1. With the exper-

imental capabilities outlined in Section III, we generate

mock data that in turn are used to reconstruct the poste-

rior for the DM parameters mχ and σp
SI . The left frame

of Fig. 1 presents the results for the three benchmarks

and for Xe, Ge and Ar separately. Contours in the figure

delimit regions of joint 68% and 95% posterior probabil-

ity. Several comments are in order here. First, it is ev-

ident that the Ar configuration is less constraining than

Xe or Ge ones, which can be traced back to its smaller A
and larger Ethr. Moreover, it is also apparent that, while

Ge is the most effective target for the benchmarks with

mχ = 25, 250 GeV, Xe appears the best for a WIMP with

mχ = 50 GeV (see below for a detailed discussion). Let

us stress as well that the 250 GeV WIMP proves very

difficult to constrain in terms of mass and cross-section

due to the high-mass degeneracy explained in Section II.

Taking into account the differences in adopted values and

procedures, our results are in qualitative agreement with

Ref. [27], where a study on the supersymmetrical frame-

work was performed. However, it is worth noticing that

the contours in Ref. [27] do not extend to high masses

as ours for the 250 GeV benchmark – this is likely be-

cause the volume at high masses in a supersymmetrical

parameter space is small.

In the right frame of Fig. 1 we show the reconstruction

capabilities attained if one combines Xe and Ge data,

or Xe, Ge and Ar together, again for when the Galac-
tic model parameters are kept fixed. In this case, for

mχ = 25, 50 GeV, the configuration Xe+Ar+Ge allows

the extraction of the correct mass to better than O(10)

GeV accuracy. For reference, the (marginalised) mass

accuracy for different mock data sets is listed in Table

III. For mχ = 250 GeV, it is only possible to obtain a

lower limit on mχ.

Pato, Baudis et al. ‘11 

fk(v) ∝ (vesc − v)k. In the limit of vanishing k, Fk(v) can be reduced to SHM. 3

Comparing with numerical simulations, [34]: k = [0.5, 3.5]. Furthermore vesc and

v! are vesc =[478, 610] km s−1 km/s and v! = [170, 290] km s−1 at the 1σ level. In

addition, the local density of WIMPs is in the range ρ! = [0.2, 0.6] GeV cm−3 [DC:

references?]

Nuisance parameter Range Prior distribution

ρWIMP,! [0.2, 0.6] GeV cm−3 normal

vesc [478, 610] km s−1 normal

v! [170, 290] km s−1 normal

k [0.5, 3.5] flat

For the efficiency in the numerical evaluation, we have explicitly calculated fk(v) in

terms of the incomplete beta function, B(a, b; x) which is tabulated well in the most of

the compilers for the argument a, b > 0 and 0 < x < 1. The result is in the appendix.

2.1 Determination of WIMP properties

If a positive signal is obtained in a direct detection experiment, the observed number

of events and (if the experiment provides it) the corresponding recoil energies can

be used to reconstruct the properties of the DM particle. For the present paper we

follow a phenomenological approach where, instead of assuming a particular particle

physics model (e.g. Supersymmetry or Universal Extra-Dimensions), we characterize

the WIMP simply by its massmχ, spin-dependent and spin-dependent interaction cross

sections: σSI , σSD
p and σSD

n
4.

The amplitude of the event rate directly depends on the total cross section with

the nucleons, so that, assuming a particular halo model, the total number of recoil

events can be used to reconstruct this observable. Normally the additional assumption

of σSD
p = σSD

n = 0 is made, since the spin-dependent cross section usually dominates

(for heavy enough targets), and the technique mentioned above is used to reconstruct

directly the value of σSI . We will, however, avoid this assumption and consider the

more general case where this contribution is non-vanishing.

3In some works, k → 1 which results in smooth truncation of Maxwell-Boltzmann distribution in

fact is described as a SHM limit. The disagreement may come from the different definition of SHM

for which we adopted an abruptly truncated Maxwell-Boltzmann distribution as described in the text.
4Note that in the following we will not distinguish between spin-independent coupling to protons

and neutrons and will only consider the total spin-independent cross section.
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FIG. 2: The joint 68% and 95% posterior probability contours in the mχ − σp
SI plane for the case in which astrophysical

uncertainties are taken into account. In the left frame, the effect of marginalising over ρ0, v0 and all four (ρ0, v0, vesc, k)
astrophysical parameters is displayed for a Xe detector and the 50 GeV benchmark WIMP. In the right frame, the combined
data sets Xe+Ge and Xe+Ge+Ar are used for the three DM benchmarks (mχ = 25, 50, 250 GeV).

Percent 1σ accuracy
mχ = 25 GeV mχ = 50 GeV

Xe 6.5% (14.3%) 8.1% (20.4%)
Ge 5.5% (16.0%) 7.0% (29.6%)
Ar 12.3% (23.4%) 14.7% (86.5%)

Xe+Ge 3.9% (10.9%) 5.2% (15.2%)
Xe+Ge+Ar 3.6% (9.0%) 4.5% (10.7%)

TABLE III: Marginalised percent 1σ accuracy of the DM mass reconstruction for the benchmarks mχ = 25, 50 GeV. Figures
between brackets refer to scans where the astrophysical parameters were marginalised over (with priors as in Table II), while
the other figures refer to scans with the fiducial astrophysical setup.

Fig. 2 shows the results of a more realistic analysis,
that keeps into account the large uncertainties associated
with Galactic model parameters, as discussed in Section
V. The left frame of Fig. 2 shows the effect of varying
only ρ0 (dashed lines, blue surfaces), only v0 (solid lines,
red surfaces) and all Galactic model parameters (dotted
lines, yellow surfaces) for Xe and mχ = 50 GeV. The
Galactic model uncertainties are dominated by ρ0 and
v0, and, once marginalised over, they blow up the con-
straints obtained with fixed Galactic model parameters.
This amounts to a very significant degradation of mass
(cf. Table III) and scattering cross-section reconstruction.
Inevitably, the complementarity between different targets
is affected – see the right frame of Fig. 2. Still, for the
50 GeV benchmark, combining Xe, Ge and Ar data im-
proves the mass reconstruction accuracy with respect to
the Xe only case, essentially by constraining the high-
mass tail.

In order to be more quantitative in assessing the use-
fulness of different targets and their complementarity, we
use as figure of merit the inverse area enclosed by the
95% marginalised contour in the log10(mχ)− log10(σ

p
SI)

plane inside the prior range. Notice that for the 250

GeV benchmark the degeneracy between mass and cross-
section is not broken – this does not lead to a van-
ishing figure of merit (i.e. infinite area under the con-
tour) because we are restricting ourselves to the prior
range. Fig. 3 displays this figure of merit for several
cases, where we have normalised to the Ar target at
mχ = 250 GeV with fixed Galactic model. Analyses
with fixed Galactic model parameters are represented by
empty bars, while the cases where all Galactic model pa-
rameters are marginalised over with priors as in Table II
are represented by filled bars. Firstly, one can see that all
three targets perform better for WIMP masses around 50
GeV than 25 or 250 GeV if the Galactic model is fixed.
When astrophysical uncertainties are marginalised over,
the constraining power of the experiments becomes very
similar for benchmark WIMP masses of 25 and 50 GeV.
Secondly, Fig. 3 also confirms what was already appar-
ent from Fig. 1: Ge is the best target for mχ = 25, 250
GeV (although by a narrow margin), whereas Xe appears
the most effective for a 50 GeV WIMP (again, by a nar-
row margin). Furthermore, the inclusion of uncertainties
drastically reduces the amount of information one can
extract from the data: the filled bars are systematically

Based on Binney, Tremaine ‘08 
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2.1 Determination of WIMP properties

Upon a positive dark matter detection the ”phenomenological” WIMP properties, i.e.,

its mass and spin-dependent and -independent
1
couplings to nuclei,

�
m, σSI , σSD

p , σSD
n

�
(2.21)

can be reconstructed.

First, knowing the total WIMP rate in Eq. (2.2), and for a given choice of parameters

for the dark matter halo, the WIMP-nucleus elastic scattering cross section can be

determined with a certain precision (depending on the WIMP mass). Furthermore, the

dependence of the recoil energy spectrum (2.1) on the WIMP mass allows the WIMP

mass to be estimated from the energies of detected events. Normally this strategy is

applied to the determination of the WIMP mass and the spin-independent coupling

(e.g. Ref. [6]), since the latter usually dominates over spin-dependent contributions (for

heavy enough targets). However, in general both the spin-dependent and -independent

contribute to the detection rate and with only one target only the total WIMP-Nucleus

scattering cross section (2.3) can be determined. [DC: This is the idea but it

sounds a bit confusing...]

[DC: Comment on Green’s results? - when is the determination of the

mass good, etc Do not forget here the papers by Drees + collaborators.]

[DC: Comment here about uncertainties? - astro uncertainties?] [DC:

Note about the background - Mattia - Zaragoza group?]

[DC: Ji-Haeng, please include here the relevant formulae] [JHH: Though

redundant, this formula may clarify our basic idea] Combining Eq. (2.2) with

Eq. (2.3), we can see the degeneracy in the spin-dependent and -independent cross

section as follows

R = CSI(target,mN) σ
SI

0 + CSD(target,mN)

�
2Sp

�
σSD
p 0

+ 2Sn

�
σSD
n 0

�2

, (2.22)

where CSI/SD(target,mN) ≡
�
dER

�
dv(ρ0f(v)/2µ2

Nmχv)F 2
SI/SD.

R1 = A1σ
SI
0 +

�
Bp

1

�
σSD,p
0 +Bn

1

�
σSD,n
0

�2

, (2.23)

1Notice that in the following we will not distinguish between spin-independent coupling to protons

and neutrons and will only consider the total spin-independent cross section.

6

There are degeneracies in reconstructing the phenomenological parameters.  

The same detected rate can be due to different combinations of SI-SD interactions 

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

of measuring, and is a crucial parameter of the experimental setup.

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(scalar) and a spin-dependent contribution, and the total WIMP-nucleus cross section

is calculated by adding coherently the above spin and scalar components, using nuclear

wave functions. The differential cross section thus reads

dσWN

dER
=

mN

2µ2
Nv

2

(

σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)

, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the spin-

independent and -dependent contributions.

[DC: Not sure we should start with this since we do not determine the ex-

pressions of the effective Lagrangian and this is actually only for Fermions.

For spin 1 is different.]The explicit expressions for the scattering cross section de-

pend on the specific particle physics model. The WIMP-nucleon interactions can be

described by means of an effective Lagrangian,

L ⊃ αS
q χ̄χq̄q + αV

q χ̄γµχq̄γ
µq + αA

q (χ̄γ
µγ5χ)(q̄γµγ5q) . (2.4)

The scalar (S) and vector (V) couplings contribute to the spin-independent part of

the cross section, while the coupling to the quark axial current (A) contributes to the

spin-dependent one.

Regarding the spin-dependent contribution it is customary to define the WIMP

couplings to proton and neutrons as

ap =
∑

q=u,d,s

αA
q√

2GF

∆p
q ; an =

∑

q=u,d,s

αA
q√

2GF

∆n
q , (2.5)

and

Λ =
1

J
[ap〈Sp〉+ an〈Sn〉] . (2.6)

The resulting differential cross section can then be expressed (in the case of a fermionic

WIMP [DC: Is it not possible to use a parametrization which is independent

of fermions-bosons? The kinematical pre-factor is different but as long as

we do not relate it to fundamental parameters...]) as
(

dσWN

dER

)

SD

=
16mN

πv2
Λ2G2

FJ(J + 1)
S(ER)

S(0)
, (2.7)

3

Integrating in energies and velocities 

	
  
	
  
	
  

	
  
	
  
	
  

	
  
	
  
	
  

Target-dependent	
  

Nuclear form factors	
  

A single experiment cannot determine the three WIMP couplings (the shape of the 
differential rate allows a determination of the WIMP mass) 

1 Introduction

2 Direct dark matter detection

Let us start by briefly reviewing some basic expressions describing the WIMP rate in

direct dark matter detection [1] (for a recent review see Ref. [2]).

The differential event rate for the elastic scattering of a WIMP with mass mχ off a

nucleus with mass mN is given by

dR

dER
=

ρ0
mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv , (2.1)

where ρ0 is the local WIMP density and f(v) is the WIMP speed distribution in the

detector frame normalized to unity. The integration over WIMP speeds is performed

from the minimum WIMP speed which can induce a recoil of energy ER: vmin =√
(mNER)/(2µ2

N) and a escape velocity vesc, the maximum speed in the Galactic rest

frame for WIMPs which are gravitationally bound to the Milky Way. The total event

rate is then calculated by integrating the differential event rate over all the possible

recoil energies,

R =

∫ ∞

ET

dER
ρ0

mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv . (2.2)

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

of measuring, and is a crucial parameter of the experimental setup.

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(scalar) and a spin-dependent contribution, and the total WIMP-nucleus cross section

is calculated by adding coherently the above spin and scalar components, using nuclear

wave functions. The differential cross section thus reads

dσWN

dER
=

mN

2µ2
Nv

2

(
σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)
, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the spin-

independent and -dependent contributions.

[DC: Not sure we should start with this since we do not determine the ex-

pressions of the effective Lagrangian and this is actually only for Fermions.

2
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2.1 Determination of WIMP properties

Upon a positive dark matter detection the ”phenomenological” WIMP properties, i.e.,

its mass and spin-dependent and -independent
1
couplings to nuclei,

�
m, σSI , σSD

p , σSD
n

�
(2.21)

can be reconstructed.

First, knowing the total WIMP rate in Eq. (2.2), and for a given choice of parameters

for the dark matter halo, the WIMP-nucleus elastic scattering cross section can be

determined with a certain precision (depending on the WIMP mass). Furthermore, the

dependence of the recoil energy spectrum (2.1) on the WIMP mass allows the WIMP

mass to be estimated from the energies of detected events. Normally this strategy is

applied to the determination of the WIMP mass and the spin-independent coupling

(e.g. Ref. [6]), since the latter usually dominates over spin-dependent contributions (for

heavy enough targets). However, in general both the spin-dependent and -independent

contribute to the detection rate and with only one target only the total WIMP-Nucleus

scattering cross section (2.3) can be determined. [DC: This is the idea but it

sounds a bit confusing...]

[DC: Comment on Green’s results? - when is the determination of the

mass good, etc Do not forget here the papers by Drees + collaborators.]

[DC: Comment here about uncertainties? - astro uncertainties?] [DC:

Note about the background - Mattia - Zaragoza group?]

[DC: Ji-Haeng, please include here the relevant formulae] [JHH: Though

redundant, this formula may clarify our basic idea] Combining Eq. (2.2) with

Eq. (2.3), we can see the degeneracy in the spin-dependent and -independent cross

section as follows

R = CSI(target,mN) σ
SI

0 + CSD(target,mN)

�
2Sp

�
σSD
p 0

+ 2Sn

�
σSD
n 0

�2

, (2.22)

where CSI/SD(target,mN) ≡
�
dER

�
dv(ρ0f(v)/2µ2

Nmχv)F 2
SI/SD.

R1 = A1σ
SI
0 +

�
Bp

1

�
σSD,p
0 +Bn

1

�
σSD,n
0

�2

, (2.23)

1Notice that in the following we will not distinguish between spin-independent coupling to protons

and neutrons and will only consider the total spin-independent cross section.

6
Determination of both SD and SI cross section 
	
  

The same rate can be explained by a 
candidate with 

Mostly spin-dependent interactions 

Mostly spin-independent interactions 

NB: in fact we should take into account SD-
interactions with protons and neutrons 
separately (i.e. 3D plots) – not in this talk. 

10�12 10�11 10�10 10�9 10�8 10�7
ΣSI �pb�10�8

10�7

10�6

10�5

10�4

0.001
ΣSD �pb�

R1 
(Assuming a perfect 
measurement of the 
WIMP mass) 

21/09/2012	
  -­‐	
  ULB	
   David	
  G.	
  Cerdeño	
  



2.1 Determination of WIMP properties

Upon a positive dark matter detection the ”phenomenological” WIMP properties, i.e.,

its mass and spin-dependent and -independent
1
couplings to nuclei,

�
m, σSI , σSD

p , σSD
n

�
(2.21)

can be reconstructed.

First, knowing the total WIMP rate in Eq. (2.2), and for a given choice of parameters

for the dark matter halo, the WIMP-nucleus elastic scattering cross section can be

determined with a certain precision (depending on the WIMP mass). Furthermore, the

dependence of the recoil energy spectrum (2.1) on the WIMP mass allows the WIMP

mass to be estimated from the energies of detected events. Normally this strategy is

applied to the determination of the WIMP mass and the spin-independent coupling

(e.g. Ref. [6]), since the latter usually dominates over spin-dependent contributions (for

heavy enough targets). However, in general both the spin-dependent and -independent

contribute to the detection rate and with only one target only the total WIMP-Nucleus

scattering cross section (2.3) can be determined. [DC: This is the idea but it

sounds a bit confusing...]

[DC: Comment on Green’s results? - when is the determination of the

mass good, etc Do not forget here the papers by Drees + collaborators.]

[DC: Comment here about uncertainties? - astro uncertainties?] [DC:

Note about the background - Mattia - Zaragoza group?]

[DC: Ji-Haeng, please include here the relevant formulae] [JHH: Though

redundant, this formula may clarify our basic idea] Combining Eq. (2.2) with

Eq. (2.3), we can see the degeneracy in the spin-dependent and -independent cross

section as follows

R = CSI(target,mN) σ
SI

0 + CSD(target,mN)

�
2Sp

�
σSD
p 0

+ 2Sn

�
σSD
n 0

�2

, (2.22)

where CSI/SD(target,mN) ≡
�
dER

�
dv(ρ0f(v)/2µ2

Nmχv)F 2
SI/SD.

R1 = A1σ
SI
0 +

�
Bp

1

�
σSD,p
0 +Bn

1

�
σSD,n
0

�2

, (2.23)

1Notice that in the following we will not distinguish between spin-independent coupling to protons

and neutrons and will only consider the total spin-independent cross section.
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Determination of both SD and SI cross section 
	
   Complementarity of targets 

	
  

•  One target mostly SI and the other 
mostly SD 

 
•  Large exposure à smaller area 
	
  

where CSI/SD(target, mN ) ≡
∫

dER

∫

dv(ρ0f(v)/2µ2
Nmχv)F 2

SI/SD.

R1 = A1σ
SI
0 +

(

Bp
1

√

σSD,p
0 +Bn

1

√

σSD,n
0

)2

, (2.26)

R2 = A2σ
SI
0 +

(

Bp
2

√

σSD,p
0 +Bn

2

√

σSD,n
0

)2

, (2.27)

R3 = A3σ
SI
0 +

(

Bp
3

√

σSD,p
0 +Bn

3

√

σSD,n
0

)2

, (2.28)

2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires

more careful analysis. Especially the threshold recoil energy Eth which is optimized

cut for a certain experimental setup sensitive in analyzing signals of relatively light

dark matter.

The detection of WIMP dark matter in more than one target would provide...For

example, the consistency of energy spectra measured by experiments using different

target nuclei would confirm that the events were due to WIMP scattering (rather

than, for instance, neutron backgrounds) [7]. [JHH: more explanations..]

[JHH: Greene paper, Drees paper should be here.]

The simultaneous measurement of spin-dependent and spin-independent interaction

have potential ability to discriminate DM model. In [8] it was shown that the use of

two different target can discriminate the lightest supersymmetric particle (LSP) in

7

R1 

R2 

Analytical determination of the parameters 
without uncertainties (ideal) 
	
   Cannoni, Gómez, Vergados 2010 

Cannoni 2011 

(Assuming a perfect 
measurement of the 
WIMP mass) 

Bertone, DGC, Collar, Odom 2007 
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2.1 Determination of WIMP properties

Upon a positive dark matter detection the ”phenomenological” WIMP properties, i.e.,

its mass and spin-dependent and -independent
1
couplings to nuclei,

�
m, σSI , σSD

p , σSD
n

�
(2.21)

can be reconstructed.

First, knowing the total WIMP rate in Eq. (2.2), and for a given choice of parameters

for the dark matter halo, the WIMP-nucleus elastic scattering cross section can be

determined with a certain precision (depending on the WIMP mass). Furthermore, the

dependence of the recoil energy spectrum (2.1) on the WIMP mass allows the WIMP

mass to be estimated from the energies of detected events. Normally this strategy is

applied to the determination of the WIMP mass and the spin-independent coupling

(e.g. Ref. [6]), since the latter usually dominates over spin-dependent contributions (for

heavy enough targets). However, in general both the spin-dependent and -independent

contribute to the detection rate and with only one target only the total WIMP-Nucleus

scattering cross section (2.3) can be determined. [DC: This is the idea but it

sounds a bit confusing...]

[DC: Comment on Green’s results? - when is the determination of the

mass good, etc Do not forget here the papers by Drees + collaborators.]

[DC: Comment here about uncertainties? - astro uncertainties?] [DC:

Note about the background - Mattia - Zaragoza group?]

[DC: Ji-Haeng, please include here the relevant formulae] [JHH: Though

redundant, this formula may clarify our basic idea] Combining Eq. (2.2) with

Eq. (2.3), we can see the degeneracy in the spin-dependent and -independent cross

section as follows

R = CSI(target,mN) σ
SI

0 + CSD(target,mN)

�
2Sp

�
σSD
p 0

+ 2Sn

�
σSD
n 0

�2

, (2.22)

where CSI/SD(target,mN) ≡
�
dER

�
dv(ρ0f(v)/2µ2

Nmχv)F 2
SI/SD.

R1 = A1σ
SI
0 +

�
Bp

1

�
σSD,p
0 +Bn

1

�
σSD,n
0

�2

, (2.23)

1Notice that in the following we will not distinguish between spin-independent coupling to protons

and neutrons and will only consider the total spin-independent cross section.
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where CSI/SD(target, mN ) ≡
∫

dER

∫

dv(ρ0f(v)/2µ2
Nmχv)F 2

SI/SD.

R1 = A1σ
SI
0 +

(

Bp
1

√

σSD,p
0 +Bn

1

√

σSD,n
0

)2

, (2.26)

R2 = A2σ
SI
0 +

(

Bp
2

√

σSD,p
0 +Bn

2

√

σSD,n
0

)2

, (2.27)

R3 = A3σ
SI
0 +

(

Bp
3

√

σSD,p
0 +Bn

3

√

σSD,n
0

)2

, (2.28)

2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires

more careful analysis. Especially the threshold recoil energy Eth which is optimized

cut for a certain experimental setup sensitive in analyzing signals of relatively light

dark matter.

The detection of WIMP dark matter in more than one target would provide...For

example, the consistency of energy spectra measured by experiments using different

target nuclei would confirm that the events were due to WIMP scattering (rather

than, for instance, neutron backgrounds) [7]. [JHH: more explanations..]

[JHH: Greene paper, Drees paper should be here.]

The simultaneous measurement of spin-dependent and spin-independent interaction

have potential ability to discriminate DM model. In [8] it was shown that the use of

two different target can discriminate the lightest supersymmetric particle (LSP) in
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•  Most targets are more sensitive to 

the SI component  
(e.g. Ge, Xe, I) 

•  Heavy targets or heavy WIMPs 

•  Small SD cross section 

R1 

R2 The inclusion of uncertainties is CRUCIAL 
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WIMP mass) 

Determination of only the SI cross section 
	
  

Astrophysical uncertainties 
 
Nuclear uncertainties:  
Uncertainties in the Spin-dependent form 
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FIG. 7. The same as in Fig. 5 but for the benchmark BM2.

where CSI/SD(target, mN ) ≡
∫

dER

∫

dv(ρ0f(v)/2µ2
Nmχv)F 2

SI/SD.

R1 = A1σ
SI
0 +

(

Bp
1

√

σSD,p
0 +Bn

1

√

σSD,n
0

)2

, (2.26)

R2 = A2σ
SI
0 +

(

Bp
2

√

σSD,p
0 +Bn

2

√

σSD,n
0

)2

, (2.27)

R3 = A3σ
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(
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3

√
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3

√

σSD,n
0

)2

, (2.28)

2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent
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FIG. 7. The same as in Fig. 5 but for the benchmark BM2.
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WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires

more careful analysis. Especially the threshold recoil energy Eth which is optimized

cut for a certain experimental setup sensitive in analyzing signals of relatively light
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The detection of WIMP dark matter in more than one target would provide...For

example, the consistency of energy spectra measured by experiments using different

target nuclei would confirm that the events were due to WIMP scattering (rather

than, for instance, neutron backgrounds) [7]. [JHH: more explanations..]
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Uncertainties in the spin-dependent form factors 

[DC: This is another possibility - better? - check Vergados]

(
dσWN

dER

)

SD

=
16G2

FmN

πv2
(J + 1)

J
(ap〈Sp〉+ an〈Sn〉)2

S(ER)

S(0)
, (2.8)

(using d|#q|2 = 2mNdER). The form factor is commonly expressed as a decomposition

into isoscalar, a0 = ap + an, and isovector, a1 = ap − an, couplings

S(q) = a20S00(q) + a0a1S01(q) + a21S11(q) , (2.9)

where the parameters Sij are determined experimentally. [DC: Here goes a brief

comment on the uncertainties or the problems to determine these for some

materials]

For the spin-independent interaction, the nuclear form factor for coherent interac-

tions F 2(q) is a Fourier transform of the nucleon distribution function,

FA(q) =

∫
e−iqxρA(x)d

3x (2.10)

where the label A stands for different nuclei. In this case ρA(x) is normalized such that

FA(0) = 1. We use the Fermi distribution,

ρA(x) =
cnorm

1 + exp[(r −RA)/a]
(2.11)

properly normalized with the previous condition, which gives the Woods-Saxon form

factor. For all nuclei we use

RA = (1.23A1/3 − 0.6) fm (2.12)

for a surface thickness, a = 0.52 fm. [MP: Should we say here that corrections

to this Fermi distribution function, in the inner part, are not important in

the energy range we are working with?]

[DC: Comment on the hadronic uncertainties - Please JHH, MP and

MF take a look at this comment and let me know if you agree] Notice that

uncertainties in the hadronic matrix elements are crucial if we were to determine the

fundamental WIMP-quark couplings in the effective Lagrangian of Eq. (2.4) (since they

can lead to a shift of about an order of magnitude in the predicted σSI
0 [5]). However,

our analysis just aims at determining the ”phenomenological” WIMP parameters and

is therefore not affected by these uncertainties. [JHH: I agree with this paragraph,

and I added Ref. by Ellis about hadronic uncertainty.]
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the recoil energy, and µN = mNmχ/(mN + mχ) is the

reduced mass. The total event rate is calculated by in-

tegrating Eq. (1) over all the possible recoil energies in a

window defined by a threshold energy ET and a maximal

energy Emax, both depending on the experiment1.

In general, the WIMP-nucleus cross-section is sepa-

rated into a SI and a SD contribution, as follows:

dσ

dER
=

mN

2µ2
Nv2

(

σSI,N
0 F 2

SI(ER) + σSD,N
0 F 2

SD(ER)
)

,

(2)

where σSI,N
0 and σSD,N

0 are the SI and SD WIMP-

nucleus cross-sections at zero momentum transfer.

FSI(ER) and FSD(ER) are the SI and SD form factors

that account for the coherence loss which leads to a sup-

pression of the event rate for heavy WIMPs or heavy

nuclei. The differential rate, dR/dER, depends on the

recoil energy ER through the form factors and the mini-

mal velocity vmin(ER).

The total number of recoils, as well as their distribu-

tion in energy, are affected by uncertainties in the nuclear

form factors (both SI and SD) and in the parameters de-

scribing the DM halo (usually referred to as astrophysical

uncertainties). Determining the impact of these is cru-

cial to understand the capability of a DM experiment to

reconstruct the properties of the WIMP.

The role of astrophysical uncertainties has been widely

addressed in the literature. They are known to signifi-

cantly affect the reconstruction of both the mass and

scattering cross-section of the DM [31, 33, 43–46] Since

the subject of our work is to study the effect of nuclear

uncertainties from the form factors, we do not include

astrophysical ones. We therefore consider a fixed model

for the the DM halo, namely the Standard Halo Model

with a escape velocity of vesc = 544 km s−1 , a central

velocity v0 = 230 km s−1 [47–51], and a local dark matter

density ρ0 = 0.4 GeV cm−3 [52–55].

A. Uncertainties in the SI form factors

Regarding SI interactions, the so-called Woods-Saxon

form factor is the Fourier transform of the nucleon dis-

1 In order to take into account the energy resolution of the detec-

tor, the differential rate is convoluted with a Gaussian, whose

standard deviation is a function of the recoil energy, as done in

Ref. [41].

tribution function ρA(x),

FSI(q) =

∫

e−iqxρA(x)d
3x , (3)

where q =
√
2mNER is the momentum transfer. The

Fermi distribution is assumed for the nucleon distribu-

tion,

ρA(x) ∝
1

1 + exp[(r −RA)/a]
, (4)

where RA = (1.23A1/3 − 0.6) fm, A is the nucleon num-

ber and a = 0.5 fm the surface thickness of the nucleus.

Although other parametrizations can be found in the lit-

erature, the Wood-Saxon form factor provides a good de-

scription of the nuclear structure for energies in the range

between 1-100 keV, typical of WIMP scatterings. It has

been shown in Ref. [35] that the differences in the SI form

factors due to small deformations of the nuclei can be

safely neglected. In fact, we have explicitly checked that

this is indeed the case when using realistic nuclear den-

sity profiles obtained from a state-of-the art mean field

calculation. Thus, throughout this paper we consider the

form factor in Eq. (3) with no associated uncertainty.

B. Uncertainties in the SD form factors

On the other hand, the effect of uncertainties in the

SD form factors has not been addressed in the literature.

The SD contribution to the WIMP-nucleus differential

cross-section in Eq. (2) can be expanded as a function

of the WIMP couplings to the matrix elements of the

axial-vector currents in protons (ap) and neutrons (an),
(

dσ

dER

)

SD

=
16G2

FmN

πv2
(J + 1)

J

(ap〈Sp〉+ an〈Sn〉)2 F 2
SD(ER) , (5)

where J is the total spin of the nucleus and 〈Sp〉 (〈Sn〉) is
the proton (neutron) spin averaged over the nucleus. The

SD form factor F 2
SD(ER) = S(ER)/S(0), is commonly

expressed as a decomposition into isoscalar (a0 = ap+an)

and isovector (a1 = ap − an) couplings,

S(q) = a20S00(q) + a0a1S01(q) + a21S11(q), (6)

where q is the momentum transfer. The quantities

S00(q), S11(q) and S01(q) are the spin-dependent struc-

ture functions (SDSFs), and are computed using nu-

clear physics models, whereas the couplings ap and an
(and consequently a0 and a1) are specific of the parti-

cle physics model for DM and are computed from the

3
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the subject of our work is to study the effect of nuclear

uncertainties from the form factors, we do not include

astrophysical ones. We therefore consider a fixed model

for the the DM halo, namely the Standard Halo Model

with a escape velocity of vesc = 544 km s−1 , a central

velocity v0 = 230 km s−1 [47–51], and a local dark matter

density ρ0 = 0.4 GeV cm−3 [52–55].

A. Uncertainties in the SI form factors

Regarding SI interactions, the so-called Woods-Saxon

form factor is the Fourier transform of the nucleon dis-

1 In order to take into account the energy resolution of the detec-

tor, the differential rate is convoluted with a Gaussian, whose

standard deviation is a function of the recoil energy, as done in

Ref. [41].

tribution function ρA(x),

FSI(q) =

∫

e−iqxρA(x)d
3x , (3)

where q =
√
2mNER is the momentum transfer. The

Fermi distribution is assumed for the nucleon distribu-

tion,

ρA(x) ∝
1

1 + exp[(r −RA)/a]
, (4)

where RA = (1.23A1/3 − 0.6) fm, A is the nucleon num-

ber and a = 0.5 fm the surface thickness of the nucleus.

Although other parametrizations can be found in the lit-

erature, the Wood-Saxon form factor provides a good de-

scription of the nuclear structure for energies in the range

between 1-100 keV, typical of WIMP scatterings. It has

been shown in Ref. [35] that the differences in the SI form

factors due to small deformations of the nuclei can be

safely neglected. In fact, we have explicitly checked that

this is indeed the case when using realistic nuclear den-

sity profiles obtained from a state-of-the art mean field

calculation. Thus, throughout this paper we consider the

form factor in Eq. (3) with no associated uncertainty.

B. Uncertainties in the SD form factors

On the other hand, the effect of uncertainties in the

SD form factors has not been addressed in the literature.

The SD contribution to the WIMP-nucleus differential

cross-section in Eq. (2) can be expanded as a function

of the WIMP couplings to the matrix elements of the

axial-vector currents in protons (ap) and neutrons (an),
(

dσ

dER

)

SD

=
16G2

FmN

πv2
(J + 1)

J

(ap〈Sp〉+ an〈Sn〉)2 F 2
SD(ER) , (5)

where J is the total spin of the nucleus and 〈Sp〉 (〈Sn〉) is
the proton (neutron) spin averaged over the nucleus. The

SD form factor F 2
SD(ER) = S(ER)/S(0), is commonly

expressed as a decomposition into isoscalar (a0 = ap+an)

and isovector (a1 = ap − an) couplings,

S(q) = a20S00(q) + a0a1S01(q) + a21S11(q), (6)

where q is the momentum transfer. The quantities

S00(q), S11(q) and S01(q) are the spin-dependent struc-

ture functions (SDSFs), and are computed using nu-

clear physics models, whereas the couplings ap and an
(and consequently a0 and a1) are specific of the parti-

cle physics model for DM and are computed from the
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Figure 1: Maximum value of u as a function of the number of nucleons for mDM =

100 GeV. The black curve corresponds to vesc = 550 Km/s and the gray one corresponds

to vesc = 700 Km/s.

ER =
uib

−2
i

mi
(2.25)

where bi = A1/6
i fm is the oscillator size parameter for the nucleus i, and mi its mass.

As we mentioned before, it is also convenient to define yi ≡ 2ui. We can also define the

maximum of each of this variables depending on the dark matter mass and the escape

velocity, in the same way that it is possible to define the maximum recoil energy. As

it can be seen in Fig. 1 the dimensionless variable u is in general bigger than 1 except

for light nuclei A < 50 or very light dark matter.

So, we have F sh1
ij (ER) and F sh2

ij (ER). The point now is, is it possible to find a

function which connects both models sh1 and sh2 in a continous way?, and the answer

is yes. As we said the functional form of these Fij functions is a polynomial times a

supressing exponential factor both depending of the u variable. For the moment let’s

assume that umax for sh1 and sh2 is lower than one, then the obvious parametrization

which connects sh1 and sh2 is,

Fij(ER) → Fij(ER) exp(−κER) with κ = [κ1,κ2]. (2.26)

When κ = κ1 we recover sh1 and the same for κ2 and sh2. As an example to this,

in Fig. 2 we plot the form factors for Na23 for ap/an = ±1. We can see that this

exponential parametrization can connect different shell-model calculations with an

7

4

diagrams describing the WIMP-nucleon interaction. In

order to continue with a model independent approach we

assume a specific relation between ap and an, and con-

sider the cases2 ap/an = ±1. Under this assumption,

Eq. (5) reduces to

(

dσ

dER

)

SD

=







64G2
FmN

v2(2J+1) a
2
p S00(q) ; ap

an
= 1 ,

64G2
FmN

v2(2J+1) a
2
p S11(q) ; ap

an
= −1 .

(7)

The SDSFs S00(q) and S11(q) can be calculated using

a shell-model (ShM) description of the atomic nucleus,

where the nuclear spin properties are obtained by the

wave functions of a few valence nucleons, those which do

not cancel out the spin of the nucleus in pairs. In par-

ticular, S00(q) and S11(q) are related to the transverse

electric and longitudinal projections of the axial current.

To calculate these quantities in the ShM, the nucleons are

placed in energy levels according to the exclusion princi-

ple, assuming a particular interaction between nucleons

(typically a harmonic oscillator potential) and including

as many excited states as possible, making this kind of

calculation very difficult.

ShM calculations are generally more reliable for heavy

nuclei than for light ones. The same holds for nuclei

close to magic numbers, elements featuring closed shells

being more easily modeled. An example is 19F, that has

9 protons and 10 neutrons, thus only one proton above a

magic number. On the other hand, the nucleus of 73Ge is

much more difficult to model since it has 32 protons and

41 neutrons, the nearest closed shell being the one with

28 nucleons. In this case, deviations of the real nucleus

from the ShM should be expected, as well as differences

in the results when different ShMs are used. In the first

part of the paper we consider the case of germanium, for

which the only natural isotope that contributes to the

SD cross-section is 73Ge.

In the case of 73Ge, various ShM calculations are avail-

able in the literature. We consider two different, com-

monly used parametrizations, from Ressel et al. [37]

and Dimitrov et al. [38], to which we refer as R- and

D-models, respectively. They differ in the methodology

2 This is equivalent to reducing by one the dimensionality of our

parameter space, assuming a relation between σSD, p and σSD,n.

Our analysis can easily be extended to consider the full four-

dimensional parameter space (mχ, σ
SI , σSD,p, σSD,n), but

this renders the discussion more cumbersome. Furthermore, par-

ticle models for DM generally predict |σSD,n| ≈ |σSD,p|.

and in the choice of the nuclear interaction potential, but

both reproduce the value of the magnetic momentum of
73Ge. The SDSFs in both cases can be expressed as a

function of the adimensional quantity u, related to the

momentum transfer as u = (qb)2/2, where b is the oscil-

lator size parameter, b = A1/6.

The SDSFs for the R-and D-models are plotted as a

function of u in Fig. 1 by means of red dashed and solid

red lines, respectively. The left (right) panel refers to the

case ap/an = 1 (ap/an = −1). The vertical, black dashed

lines indicate the values of u that correspond to the

WIMP search window that we use in our analysis, from

a threshold energy of 10 keV, to an energy of 100 keV

(as currently done in CDMS-II). The dotted blue lines

indicate a gaussian approximation (see Eq. (8) below).

Finally, the blue areas represent the regions spanned by

a family of curves, obtained by a parametrization which

interpolates between the R- and D-models that will be

introduced in Sec. V.

The two SDSFs differ in the zero momentum value

(the R-model being larger for the whole energy range of

interest for direct detection), and also in the shape at

large energies. They both start as decreasing power-laws

at low-energy flattening out as u increases. However the

transition happens sooner for the R-model (around u =

0.5) than for the D-model. The slope for the D-model is

also slightly steeper than for the R-model, especially in

S11(q). As we will see in Sec. IV these differences play

an important role when determining the DM parameters.

There are finally some nuclei for which ShM compu-

tations of their form factors are not available. In these

cases an approximation was introduced in Ref. [56] that

works well in the low momentum transfer regime, but

fails towards larger values of q,

Sij(q) = S(0) e−
q2R2

4 , (8)

where R, is an effective radius, measured in fm, which

can be written as,

R = 0.92A1/3 + 2.68− 0.78
√

(A1/3 − 3.8)2 + 0.2 . (9)

III. DETERMINATION OF WIMP

PROPERTIES

We consider a set of benchmark scenarios (BM1, BM2

and BM3) listed in Table I, that define the phenomeno-

logical DM parameters (mχ, σSI , σSD). These bench-

marks are consistent with possible particle physics mod-
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FIG. 11. The same as in Fig. 1 but for the case of 129Xe (top row) and 131Xe (bottom row). The solid (dashed) red lines

correspond to the ShM calculation using the Bonn A (Nijmegen II) potential [39]. The solid black line corresponds to the

determination of Ref. [40] and the dotted black lines are the errors associated to it (the errors for S00 are negligible and are not

shown). 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) with the parameters defined in the text. The vertical black dashed lines indicate the WIMP search

window used in the analysis.

the SDSFs. In particular, for the S11 component in
129Xe we consider N = [0.029, 0.052], α = [4.2, 4.7],

and β = [1.0 × 10−3, 7 × 10−3]. Similarly, in 131Xe the

ranges for S11 are N = [0.017, 0.027], α = [4.3, 5.0], and

β = [4.2× 10−2, 6.1× 10−2]. The various models for the

SDSFs are represented in Fig. 11, together with the en-

velopes for S00 and S11 in both isotopes. We consider

the same exposure as in the previous case (ε = 300 kg

yr) but the energy range of the WIMP detection window

is now taken to be ER = [8.4, 44.8] keV, mimicking that

of the XENON100 experiment.

Uncertainties in the SDSF for xenon have the same

qualitative effect as in germanium. Namely, the predic-

tions for the WIMP mass and the SD component of its

scattering cross-section are affected. The resulting con-

tours for the profile likelihood benchmarks BM1, BM2

and BM3 are displayed in Figs. 12. We can observe that

the effect is similar in magnitude to the case of germa-

nium (despite being a heavier nucleus than germanium,

the isotopic abundance of the elements sensitive to the

SD coupling is larger in xenon). Once more, deviations

are larger for BM2 and BM3 than in BM1.

The inclusion of uncertainties on SDSF through the

parametrization in Eq. (14) is a procedure that can be

applied to other nuclei. In the case of germanium and

xenon, the existence of different SDSF computations al-

lowed us to define the ranges in which the three param-

eters of Eq. (14) are varied.

C. Comparison with astrophysical uncertainties

To put our results in context, we need to compare the

effects of nuclear uncertainties in the SDSF that we just

discussed with those originating from astrophysical un-

Uncertainties in the spin-dependent form factors 

[DC: This is another possibility - better? - check Vergados]
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dσWN
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)

SD

=
16G2

FmN

πv2
(J + 1)

J
(ap〈Sp〉+ an〈Sn〉)2

S(ER)

S(0)
, (2.8)

(using d|#q|2 = 2mNdER). The form factor is commonly expressed as a decomposition

into isoscalar, a0 = ap + an, and isovector, a1 = ap − an, couplings

S(q) = a20S00(q) + a0a1S01(q) + a21S11(q) , (2.9)

where the parameters Sij are determined experimentally. [DC: Here goes a brief

comment on the uncertainties or the problems to determine these for some

materials]

For the spin-independent interaction, the nuclear form factor for coherent interac-

tions F 2(q) is a Fourier transform of the nucleon distribution function,

FA(q) =

∫
e−iqxρA(x)d

3x (2.10)

where the label A stands for different nuclei. In this case ρA(x) is normalized such that

FA(0) = 1. We use the Fermi distribution,

ρA(x) =
cnorm

1 + exp[(r −RA)/a]
(2.11)

properly normalized with the previous condition, which gives the Woods-Saxon form

factor. For all nuclei we use

RA = (1.23A1/3 − 0.6) fm (2.12)

for a surface thickness, a = 0.52 fm. [MP: Should we say here that corrections

to this Fermi distribution function, in the inner part, are not important in

the energy range we are working with?]

[DC: Comment on the hadronic uncertainties - Please JHH, MP and

MF take a look at this comment and let me know if you agree] Notice that

uncertainties in the hadronic matrix elements are crucial if we were to determine the

fundamental WIMP-quark couplings in the effective Lagrangian of Eq. (2.4) (since they

can lead to a shift of about an order of magnitude in the predicted σSI
0 [5]). However,

our analysis just aims at determining the ”phenomenological” WIMP parameters and

is therefore not affected by these uncertainties. [JHH: I agree with this paragraph,

and I added Ref. by Ellis about hadronic uncertainty.]
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the recoil energy, and µN = mNmχ/(mN + mχ) is the

reduced mass. The total event rate is calculated by in-

tegrating Eq. (1) over all the possible recoil energies in a

window defined by a threshold energy ET and a maximal

energy Emax, both depending on the experiment1.

In general, the WIMP-nucleus cross-section is sepa-

rated into a SI and a SD contribution, as follows:

dσ

dER
=

mN

2µ2
Nv2

(

σSI,N
0 F 2

SI(ER) + σSD,N
0 F 2

SD(ER)
)

,

(2)

where σSI,N
0 and σSD,N

0 are the SI and SD WIMP-

nucleus cross-sections at zero momentum transfer.

FSI(ER) and FSD(ER) are the SI and SD form factors

that account for the coherence loss which leads to a sup-

pression of the event rate for heavy WIMPs or heavy

nuclei. The differential rate, dR/dER, depends on the

recoil energy ER through the form factors and the mini-

mal velocity vmin(ER).

The total number of recoils, as well as their distribu-

tion in energy, are affected by uncertainties in the nuclear

form factors (both SI and SD) and in the parameters de-

scribing the DM halo (usually referred to as astrophysical

uncertainties). Determining the impact of these is cru-

cial to understand the capability of a DM experiment to

reconstruct the properties of the WIMP.

The role of astrophysical uncertainties has been widely

addressed in the literature. They are known to signifi-

cantly affect the reconstruction of both the mass and

scattering cross-section of the DM [31, 33, 43–46] Since

the subject of our work is to study the effect of nuclear

uncertainties from the form factors, we do not include

astrophysical ones. We therefore consider a fixed model

for the the DM halo, namely the Standard Halo Model

with a escape velocity of vesc = 544 km s−1 , a central

velocity v0 = 230 km s−1 [47–51], and a local dark matter

density ρ0 = 0.4 GeV cm−3 [52–55].

A. Uncertainties in the SI form factors

Regarding SI interactions, the so-called Woods-Saxon

form factor is the Fourier transform of the nucleon dis-

1 In order to take into account the energy resolution of the detec-

tor, the differential rate is convoluted with a Gaussian, whose

standard deviation is a function of the recoil energy, as done in

Ref. [41].

tribution function ρA(x),

FSI(q) =

∫

e−iqxρA(x)d
3x , (3)

where q =
√
2mNER is the momentum transfer. The

Fermi distribution is assumed for the nucleon distribu-

tion,

ρA(x) ∝
1

1 + exp[(r −RA)/a]
, (4)

where RA = (1.23A1/3 − 0.6) fm, A is the nucleon num-

ber and a = 0.5 fm the surface thickness of the nucleus.

Although other parametrizations can be found in the lit-

erature, the Wood-Saxon form factor provides a good de-

scription of the nuclear structure for energies in the range

between 1-100 keV, typical of WIMP scatterings. It has

been shown in Ref. [35] that the differences in the SI form

factors due to small deformations of the nuclei can be

safely neglected. In fact, we have explicitly checked that

this is indeed the case when using realistic nuclear den-

sity profiles obtained from a state-of-the art mean field

calculation. Thus, throughout this paper we consider the

form factor in Eq. (3) with no associated uncertainty.

B. Uncertainties in the SD form factors

On the other hand, the effect of uncertainties in the

SD form factors has not been addressed in the literature.

The SD contribution to the WIMP-nucleus differential

cross-section in Eq. (2) can be expanded as a function

of the WIMP couplings to the matrix elements of the

axial-vector currents in protons (ap) and neutrons (an),
(

dσ

dER

)

SD

=
16G2

FmN

πv2
(J + 1)

J

(ap〈Sp〉+ an〈Sn〉)2 F 2
SD(ER) , (5)

where J is the total spin of the nucleus and 〈Sp〉 (〈Sn〉) is
the proton (neutron) spin averaged over the nucleus. The

SD form factor F 2
SD(ER) = S(ER)/S(0), is commonly

expressed as a decomposition into isoscalar (a0 = ap+an)

and isovector (a1 = ap − an) couplings,

S(q) = a20S00(q) + a0a1S01(q) + a21S11(q), (6)

where q is the momentum transfer. The quantities

S00(q), S11(q) and S01(q) are the spin-dependent struc-

ture functions (SDSFs), and are computed using nu-

clear physics models, whereas the couplings ap and an
(and consequently a0 and a1) are specific of the parti-

cle physics model for DM and are computed from the
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between 1-100 keV, typical of WIMP scatterings. It has

been shown in Ref. [35] that the differences in the SI form

factors due to small deformations of the nuclei can be

safely neglected. In fact, we have explicitly checked that

this is indeed the case when using realistic nuclear den-

sity profiles obtained from a state-of-the art mean field

calculation. Thus, throughout this paper we consider the

form factor in Eq. (3) with no associated uncertainty.

B. Uncertainties in the SD form factors

On the other hand, the effect of uncertainties in the

SD form factors has not been addressed in the literature.

The SD contribution to the WIMP-nucleus differential

cross-section in Eq. (2) can be expanded as a function

of the WIMP couplings to the matrix elements of the

axial-vector currents in protons (ap) and neutrons (an),
(

dσ

dER

)

SD

=
16G2

FmN

πv2
(J + 1)

J

(ap〈Sp〉+ an〈Sn〉)2 F 2
SD(ER) , (5)

where J is the total spin of the nucleus and 〈Sp〉 (〈Sn〉) is
the proton (neutron) spin averaged over the nucleus. The

SD form factor F 2
SD(ER) = S(ER)/S(0), is commonly

expressed as a decomposition into isoscalar (a0 = ap+an)

and isovector (a1 = ap − an) couplings,

S(q) = a20S00(q) + a0a1S01(q) + a21S11(q), (6)

where q is the momentum transfer. The quantities

S00(q), S11(q) and S01(q) are the spin-dependent struc-

ture functions (SDSFs), and are computed using nu-

clear physics models, whereas the couplings ap and an
(and consequently a0 and a1) are specific of the parti-

cle physics model for DM and are computed from the
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FIG. 11. The same as in Fig. 1 but for the case of 129Xe (top row) and 131Xe (bottom row). The solid (dashed) red lines

correspond to the ShM calculation using the Bonn A (Nijmegen II) potential [39]. The solid black line corresponds to the

determination of Ref. [40] and the dotted black lines are the errors associated to it (the errors for S00 are negligible and are not

shown). 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) with the parameters defined in the text. The vertical black dashed lines indicate the WIMP search

window used in the analysis.

the SDSFs. In particular, for the S11 component in
129Xe we consider N = [0.029, 0.052], α = [4.2, 4.7],

and β = [1.0 × 10−3, 7 × 10−3]. Similarly, in 131Xe the

ranges for S11 are N = [0.017, 0.027], α = [4.3, 5.0], and

β = [4.2× 10−2, 6.1× 10−2]. The various models for the

SDSFs are represented in Fig. 11, together with the en-

velopes for S00 and S11 in both isotopes. We consider

the same exposure as in the previous case (ε = 300 kg

yr) but the energy range of the WIMP detection window

is now taken to be ER = [8.4, 44.8] keV, mimicking that

of the XENON100 experiment.

Uncertainties in the SDSF for xenon have the same

qualitative effect as in germanium. Namely, the predic-

tions for the WIMP mass and the SD component of its

scattering cross-section are affected. The resulting con-

tours for the profile likelihood benchmarks BM1, BM2

and BM3 are displayed in Figs. 12. We can observe that

the effect is similar in magnitude to the case of germa-

nium (despite being a heavier nucleus than germanium,

the isotopic abundance of the elements sensitive to the

SD coupling is larger in xenon). Once more, deviations

are larger for BM2 and BM3 than in BM1.

The inclusion of uncertainties on SDSF through the

parametrization in Eq. (14) is a procedure that can be

applied to other nuclei. In the case of germanium and

xenon, the existence of different SDSF computations al-

lowed us to define the ranges in which the three param-

eters of Eq. (14) are varied.

C. Comparison with astrophysical uncertainties

To put our results in context, we need to compare the

effects of nuclear uncertainties in the SDSF that we just

discussed with those originating from astrophysical un-

Ressel, Dean ‘97 

Menéndez, Gazit, Schwenk ‘12 

Bonn A / Nijmegen II 

gcn5020 interaction 

ShM COMPUTATIONS: 

21/09/2012	
  -­‐	
  ULB	
   David	
  G.	
  Cerdeño	
  



Uncertainties in the spin-dependent form factors 

We use an empirical fitting formula that allows interpolation between the various models 	
  

The three fitting parameters are included as “nuisance parameters” in the scan of the 
parameter space 	
  

Of particular importance are the zero momentum value and slope (they affect the 
determination of the cross-section and mass, respectively)	
  

16

the zero-momentum value. As we already noted in the

previous benchmark point, an effect in the reconstruction

of the WIMP mass can also be appreciated between these

two possibilities. The reconstruction performed with D-

model favours heavier masses (in fact the 68% confidence

level contours of the pdf are open for heavy WIMPs)

than those obtained for R-model, since the D-model for

the SDSF is steeper and this can be compensated with a

larger value of the WIMP mass, which flattens the spec-

trum.

V. PARAMETRIZATION OF UNCERTAINTIES

IN THE SPIN-DEPENDENT STRUCTURE

FUNCTIONS

In the previous section we have shown that the choice

of model for the SDSF has an important effect in the

reconstruction of DM parameters. So far our conclusions

are based on the comparison of the results obtained using

two different computations for the SDSF of 73Ge. In

order to consider these effects in a more systematic way,

in this section we attempt to include uncertainties in the

SDSFs as part of the scan.

To do this, a description of the structure functions has

to be found in terms of a relatively small number of pa-

rameters. We propose the use of the following family of

functions, which reproduces non-trivial features in the

shape of SDSFs,

Sij(u) = N
(

(1 − β)e−αu + β
)

. (14)

The parameter N acts as an overall normalization that

allows us to fit the value at zero-momentum, β controls

the height of a possible tail at large momentum and α

provides the slope of the decreasing part in the the low-

momentum regime6.

A. Germanium detectors

In order to account for uncertainties in the SDSFs we

have determined the maximum and minimum values of

the three parameters N , α and β in Eq. (14) which define

6 We have explicitly checked that although a five-parameters fit is

able to reproduce better some features of the SDSF in certain

nuclei (e.g., 129Xe and 131Xe), this has a negligible impact in

the reconstruction of DM parameters.

an area that contains the calculations of the R- and D-

models. The range considered for S11(q) is the following:

N = [0.12, 0.21], β = [0.020, 0.042], and α = [5.0, 6.0].

For illustrative purposes we display in Fig. 1 the area

(in blue) spanned by the family of curves that can be

obtained by varying the above parameters in the given

ranges. As we see, the R- and D-models correspond ap-

proximately to the extremes of the above intervals.

We repeat the scan for each benchmark extending the

parameter space including N , α and β. The number of

events {λi} of the simulated experimental data are ob-

tained assuming a SDSF with (N = 0.16, β = 0.031, α =

5.5) which is located in the center of the above-mentioned

ranges. Fig. 10 shows the resulting reconstructed con-

tours in the profile likelihood of the DM properties in

the three benchmark models. For comparison, we also

indicate by means of blue lines the contours of the recon-

structed DM parameters when nuclear uncertainties are

not included and where the values of N , α, and β are

fixed to their central values.

We observe that in the case of BM1 the differences

with respect to the case with no uncertainties are very

small. One can only observe a slight widening in the de-

termination of σSD when uncertainties in the SDSF are

included, but otherwise the reconstructed regions in the

parameter space show very little differences. This oc-

curs because in BM1 the DM candidate interacts mainly

through SI interactions and it is thus fairly independent

of the details of the SD term. Something similar occurs

in the case of BM2, although the widening of the re-

construction of σSD is more evident now. Also the 68%

confidence level curves corresponding to the WIMP mass

extend to slightly larger values (notice that the logarith-

mic scale makes this effect more difficult to observe). Fi-

nally, it is in benchmark BM3 that the largest effects are

found, since the SD contribution is larger. Once more, a

widening in the determination of σSD is observed, which

is now more evident in the 68% confidence level lines.

Also the inclusion of uncertainties in the SDSF enlarge

the contours for large WIMP masses.

B. Xenon detectors

The same procedure can be used for xenon detectors.

Natural xenon contains two isotopes 129Xe (with a 26.4%

isotopic abundance) and 131Xe (21.29%) which are sen-

sitive to the SD component of the WIMP interaction (in

particular to the SD cross-section of the WIMP with neu-

Isotope N α β
7Li
16O
19F
27Al
??Ca
73Ge
129Xe
131Xe
??W

Table 2: Variation ranges of the inputs N , α and β used in the parametrization of the

S11 term of the spin-dependent structure function of to the different target nuclei used

in the text. A flat distribution is used within each range.

N α β
73Ge 0.12− 0.21 0.020− 0.042 5.0− 6.0
129Xe 0.029− 0.052 4.2− 4.7 1.0× 10−3 − 7× 10−3

131Xe 0.017− 0.027 4.3− 5.0 4.2× 10−2 − 6.1× 10−2
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the zero-momentum value. As we already noted in the

previous benchmark point, an effect in the reconstruction

of the WIMP mass can also be appreciated between these

two possibilities. The reconstruction performed with D-

model favours heavier masses (in fact the 68% confidence

level contours of the pdf are open for heavy WIMPs)

than those obtained for R-model, since the D-model for

the SDSF is steeper and this can be compensated with a

larger value of the WIMP mass, which flattens the spec-

trum.

V. PARAMETRIZATION OF UNCERTAINTIES

IN THE SPIN-DEPENDENT STRUCTURE

FUNCTIONS

In the previous section we have shown that the choice

of model for the SDSF has an important effect in the

reconstruction of DM parameters. So far our conclusions

are based on the comparison of the results obtained using

two different computations for the SDSF of 73Ge. In

order to consider these effects in a more systematic way,

in this section we attempt to include uncertainties in the

SDSFs as part of the scan.

To do this, a description of the structure functions has

to be found in terms of a relatively small number of pa-

rameters. We propose the use of the following family of

functions, which reproduces non-trivial features in the

shape of SDSFs,

Sij(u) = N
(

(1 − β)e−αu + β
)

. (14)

The parameter N acts as an overall normalization that

allows us to fit the value at zero-momentum, β controls

the height of a possible tail at large momentum and α

provides the slope of the decreasing part in the the low-

momentum regime6.

A. Germanium detectors

In order to account for uncertainties in the SDSFs we

have determined the maximum and minimum values of

the three parameters N , α and β in Eq. (14) which define

6 We have explicitly checked that although a five-parameters fit is

able to reproduce better some features of the SDSF in certain

nuclei (e.g., 129Xe and 131Xe), this has a negligible impact in

the reconstruction of DM parameters.

an area that contains the calculations of the R- and D-

models. The range considered for S11(q) is the following:

N = [0.12, 0.21], β = [0.020, 0.042], and α = [5.0, 6.0].

For illustrative purposes we display in Fig. 1 the area

(in blue) spanned by the family of curves that can be

obtained by varying the above parameters in the given

ranges. As we see, the R- and D-models correspond ap-

proximately to the extremes of the above intervals.

We repeat the scan for each benchmark extending the

parameter space including N , α and β. The number of

events {λi} of the simulated experimental data are ob-

tained assuming a SDSF with (N = 0.16, β = 0.031, α =

5.5) which is located in the center of the above-mentioned

ranges. Fig. 10 shows the resulting reconstructed con-

tours in the profile likelihood of the DM properties in

the three benchmark models. For comparison, we also

indicate by means of blue lines the contours of the recon-

structed DM parameters when nuclear uncertainties are

not included and where the values of N , α, and β are

fixed to their central values.

We observe that in the case of BM1 the differences

with respect to the case with no uncertainties are very

small. One can only observe a slight widening in the de-

termination of σSD when uncertainties in the SDSF are

included, but otherwise the reconstructed regions in the

parameter space show very little differences. This oc-

curs because in BM1 the DM candidate interacts mainly

through SI interactions and it is thus fairly independent

of the details of the SD term. Something similar occurs

in the case of BM2, although the widening of the re-

construction of σSD is more evident now. Also the 68%

confidence level curves corresponding to the WIMP mass

extend to slightly larger values (notice that the logarith-

mic scale makes this effect more difficult to observe). Fi-

nally, it is in benchmark BM3 that the largest effects are

found, since the SD contribution is larger. Once more, a

widening in the determination of σSD is observed, which

is now more evident in the 68% confidence level lines.

Also the inclusion of uncertainties in the SDSF enlarge

the contours for large WIMP masses.

B. Xenon detectors

The same procedure can be used for xenon detectors.

Natural xenon contains two isotopes 129Xe (with a 26.4%

isotopic abundance) and 131Xe (21.29%) which are sen-

sitive to the SD component of the WIMP interaction (in

particular to the SD cross-section of the WIMP with neu-

Isotope N α β
7Li
16O
19F
27Al
??Ca
73Ge
129Xe
131Xe
??W

Table 2: Variation ranges of the inputs N , α and β used in the parametrization of the

S11 term of the spin-dependent structure function of to the different target nuclei used

in the text. A flat distribution is used within each range.

N α β
73Ge 0.12− 0.21 0.020− 0.042 5.0− 6.0
129Xe 0.029− 0.052 4.2− 4.7 1.0× 10−3 − 7× 10−3

131Xe 0.017− 0.027 4.3− 5.0 4.2× 10−2 − 6.1× 10−2
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the zero-momentum value. As we already noted in the

previous benchmark point, an effect in the reconstruction

of the WIMP mass can also be appreciated between these

two possibilities. The reconstruction performed with D-

model favours heavier masses (in fact the 68% confidence

level contours of the pdf are open for heavy WIMPs)

than those obtained for R-model, since the D-model for

the SDSF is steeper and this can be compensated with a

larger value of the WIMP mass, which flattens the spec-

trum.

V. PARAMETRIZATION OF UNCERTAINTIES

IN THE SPIN-DEPENDENT STRUCTURE

FUNCTIONS

In the previous section we have shown that the choice

of model for the SDSF has an important effect in the

reconstruction of DM parameters. So far our conclusions

are based on the comparison of the results obtained using

two different computations for the SDSF of 73Ge. In

order to consider these effects in a more systematic way,

in this section we attempt to include uncertainties in the

SDSFs as part of the scan.

To do this, a description of the structure functions has

to be found in terms of a relatively small number of pa-

rameters. We propose the use of the following family of

functions, which reproduces non-trivial features in the

shape of SDSFs,

Sij(u) = N
(

(1 − β)e−αu + β
)

. (14)

The parameter N acts as an overall normalization that

allows us to fit the value at zero-momentum, β controls

the height of a possible tail at large momentum and α

provides the slope of the decreasing part in the the low-

momentum regime6.

A. Germanium detectors

In order to account for uncertainties in the SDSFs we

have determined the maximum and minimum values of

the three parameters N , α and β in Eq. (14) which define

6 We have explicitly checked that although a five-parameters fit is

able to reproduce better some features of the SDSF in certain

nuclei (e.g., 129Xe and 131Xe), this has a negligible impact in

the reconstruction of DM parameters.

an area that contains the calculations of the R- and D-

models. The range considered for S11(q) is the following:

N = [0.12, 0.21], β = [0.020, 0.042], and α = [5.0, 6.0].

For illustrative purposes we display in Fig. 1 the area

(in blue) spanned by the family of curves that can be

obtained by varying the above parameters in the given

ranges. As we see, the R- and D-models correspond ap-

proximately to the extremes of the above intervals.

We repeat the scan for each benchmark extending the

parameter space including N , α and β. The number of

events {λi} of the simulated experimental data are ob-

tained assuming a SDSF with (N = 0.16, β = 0.031, α =

5.5) which is located in the center of the above-mentioned

ranges. Fig. 10 shows the resulting reconstructed con-

tours in the profile likelihood of the DM properties in

the three benchmark models. For comparison, we also

indicate by means of blue lines the contours of the recon-

structed DM parameters when nuclear uncertainties are

not included and where the values of N , α, and β are

fixed to their central values.

We observe that in the case of BM1 the differences

with respect to the case with no uncertainties are very

small. One can only observe a slight widening in the de-

termination of σSD when uncertainties in the SDSF are

included, but otherwise the reconstructed regions in the

parameter space show very little differences. This oc-

curs because in BM1 the DM candidate interacts mainly

through SI interactions and it is thus fairly independent

of the details of the SD term. Something similar occurs

in the case of BM2, although the widening of the re-

construction of σSD is more evident now. Also the 68%

confidence level curves corresponding to the WIMP mass

extend to slightly larger values (notice that the logarith-

mic scale makes this effect more difficult to observe). Fi-

nally, it is in benchmark BM3 that the largest effects are

found, since the SD contribution is larger. Once more, a

widening in the determination of σSD is observed, which

is now more evident in the 68% confidence level lines.

Also the inclusion of uncertainties in the SDSF enlarge

the contours for large WIMP masses.

B. Xenon detectors

The same procedure can be used for xenon detectors.

Natural xenon contains two isotopes 129Xe (with a 26.4%

isotopic abundance) and 131Xe (21.29%) which are sen-

sitive to the SD component of the WIMP interaction (in

particular to the SD cross-section of the WIMP with neu-

Isotope N α β
7Li
16O
19F
27Al
??Ca
73Ge
129Xe
131Xe
??W

Table 2: Variation ranges of the inputs N , α and β used in the parametrization of the

S11 term of the spin-dependent structure function of to the different target nuclei used

in the text. A flat distribution is used within each range.

N α β
73Ge 0.12− 0.21 0.020− 0.042 5.0− 6.0
129Xe 0.029− 0.052 4.2− 4.7 1.0× 10−3 − 7× 10−3

131Xe 0.017− 0.027 4.3− 5.0 4.2× 10−2 − 6.1× 10−2

20
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the zero-momentum value. As we already noted in the

previous benchmark point, an effect in the reconstruction

of the WIMP mass can also be appreciated between these

two possibilities. The reconstruction performed with D-

model favours heavier masses (in fact the 68% confidence

level contours of the pdf are open for heavy WIMPs)

than those obtained for R-model, since the D-model for

the SDSF is steeper and this can be compensated with a

larger value of the WIMP mass, which flattens the spec-

trum.

V. PARAMETRIZATION OF UNCERTAINTIES

IN THE SPIN-DEPENDENT STRUCTURE

FUNCTIONS

In the previous section we have shown that the choice

of model for the SDSF has an important effect in the

reconstruction of DM parameters. So far our conclusions

are based on the comparison of the results obtained using

two different computations for the SDSF of 73Ge. In

order to consider these effects in a more systematic way,

in this section we attempt to include uncertainties in the

SDSFs as part of the scan.

To do this, a description of the structure functions has

to be found in terms of a relatively small number of pa-

rameters. We propose the use of the following family of

functions, which reproduces non-trivial features in the

shape of SDSFs,

Sij(u) = N
(

(1 − β)e−αu + β
)

. (14)

The parameter N acts as an overall normalization that

allows us to fit the value at zero-momentum, β controls

the height of a possible tail at large momentum and α

provides the slope of the decreasing part in the the low-

momentum regime6.

A. Germanium detectors

In order to account for uncertainties in the SDSFs we

have determined the maximum and minimum values of

the three parameters N , α and β in Eq. (14) which define

6 We have explicitly checked that although a five-parameters fit is

able to reproduce better some features of the SDSF in certain

nuclei (e.g., 129Xe and 131Xe), this has a negligible impact in

the reconstruction of DM parameters.

an area that contains the calculations of the R- and D-

models. The range considered for S11(q) is the following:

N = [0.12, 0.21], β = [0.020, 0.042], and α = [5.0, 6.0].

For illustrative purposes we display in Fig. 1 the area

(in blue) spanned by the family of curves that can be

obtained by varying the above parameters in the given

ranges. As we see, the R- and D-models correspond ap-

proximately to the extremes of the above intervals.

We repeat the scan for each benchmark extending the

parameter space including N , α and β. The number of

events {λi} of the simulated experimental data are ob-

tained assuming a SDSF with (N = 0.16, β = 0.031, α =

5.5) which is located in the center of the above-mentioned

ranges. Fig. 10 shows the resulting reconstructed con-

tours in the profile likelihood of the DM properties in

the three benchmark models. For comparison, we also

indicate by means of blue lines the contours of the recon-

structed DM parameters when nuclear uncertainties are

not included and where the values of N , α, and β are

fixed to their central values.

We observe that in the case of BM1 the differences

with respect to the case with no uncertainties are very

small. One can only observe a slight widening in the de-

termination of σSD when uncertainties in the SDSF are

included, but otherwise the reconstructed regions in the

parameter space show very little differences. This oc-

curs because in BM1 the DM candidate interacts mainly

through SI interactions and it is thus fairly independent

of the details of the SD term. Something similar occurs

in the case of BM2, although the widening of the re-

construction of σSD is more evident now. Also the 68%

confidence level curves corresponding to the WIMP mass

extend to slightly larger values (notice that the logarith-

mic scale makes this effect more difficult to observe). Fi-

nally, it is in benchmark BM3 that the largest effects are

found, since the SD contribution is larger. Once more, a

widening in the determination of σSD is observed, which

is now more evident in the 68% confidence level lines.

Also the inclusion of uncertainties in the SDSF enlarge

the contours for large WIMP masses.

B. Xenon detectors

The same procedure can be used for xenon detectors.

Natural xenon contains two isotopes 129Xe (with a 26.4%

isotopic abundance) and 131Xe (21.29%) which are sen-

sitive to the SD component of the WIMP interaction (in

particular to the SD cross-section of the WIMP with neu-

Isotope N α β
7Li
16O
19F
27Al
??Ca
73Ge
129Xe
131Xe
??W

Table 2: Variation ranges of the inputs N , α and β used in the parametrization of the

S11 term of the spin-dependent structure function of to the different target nuclei used

in the text. A flat distribution is used within each range.

N α β
73Ge 0.12− 0.21 0.020− 0.042 5.0− 6.0
129Xe 0.029− 0.052 4.2− 4.7 1.0× 10−3 − 7× 10−3

131Xe 0.017− 0.027 4.3− 5.0 4.2× 10−2 − 6.1× 10−2

20

We introduce a 3-dimensional parametrization 

BLACK = Reconstruction with uncertainties in the 
SD form factor 

BLUE = Astrophysical uncertainties 
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FIG. 12. The same as in Fig. 10 but for the case of a xenon detector.

certainties in the parameters of the DM halo. In order

to introduce the latter, we have considered a halo model

motivated by N -body simulations, which differs from the

standard halo model in a high-velocity tail [44, 66–68].

The distribution function is taken from Ref. [45] and it is

characterized by the presence of an additional parameter

k that controls the deviations of F (v) from the standard

halo model,

F (v) = N−1
k v2

[

e−v2/kv2
0 − e−v2

esc/kv
2
0

]k
Θ(vesc − v),

(15)

where Nk = v30e
−y2

e

∫ ye

0 dy y2(e−(y2
−y2

e)/k − 1)k and

ye = vesc/v0. In the limit of vanishing k the stan-

dard halo model is recovered. We then consider that

the three parameters that define the velocity distribu-

tion function vary in the ranges vesc ∈ [478, 610] km s−1,

v0 ∈ [170, 290] km s−1, and k ∈ [0.5, 3.5], and include

Effects are only important when the SD 
contribution is sizable 

Quantitatively similar for XENON or CDMS 
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FIG. 13. One-dimensional profile likelihood for mχ, σ
SI , and σSD in BM1, BM2, and BM3 from top to bottom, respectively

in the case of a germanium detector. The solid blue line corresponds to the case without uncertainties, the black solid line

represents the results when nuclear uncertainties in the SDSF are included, and the dashed black line denotes the case when

astrophysical uncertainties are included. The black dot represents the benchmark value of the parameters.
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2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires

more careful analysis. Especially the threshold recoil energy Eth which is optimized

cut for a certain experimental setup sensitive in analyzing signals of relatively light

dark matter.
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2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires

more careful analysis. Especially the threshold recoil energy Eth which is optimized

cut for a certain experimental setup sensitive in analyzing signals of relatively light

dark matter.
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2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires

more careful analysis. Especially the threshold recoil energy Eth which is optimized
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Uncertainties in the SD form factors affect the reconstruction of the WIMP mass and SD 
cross section  
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The effect of uncertainties in Spin-Independent form factors is negligible 
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Detection with one experiment 
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2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires

more careful analysis. Especially the threshold recoil energy Eth which is optimized

cut for a certain experimental setup sensitive in analyzing signals of relatively light

dark matter.

The detection of WIMP dark matter in more than one target would provide...For

example, the consistency of energy spectra measured by experiments using different

target nuclei would confirm that the events were due to WIMP scattering (rather

than, for instance, neutron backgrounds) [7]. [JHH: more explanations..]

[JHH: Greene paper, Drees paper should be here.]

The simultaneous measurement of spin-dependent and spin-independent interaction

have potential ability to discriminate DM model. In [8] it was shown that the use of

two different target can discriminate the lightest supersymmetric particle (LSP) in
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Figure 33: From top to bottom, Germanium only, Germanium and Xenon, and Germanium,

Xenon and COUPP for σSI = 10−9 pb, σSD = 10−5 pb and m = 50 GeV which is

represented by a full dot. Here we include background as well as halo uncertainties.
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The degeneracy cannot be fully removed unless 
assumptions are made on the WIMP model 
 
(e.g., usually the SD contribution is considered negligible) 
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Figure 11: Benchmark point L-SI. LiF with ε = 30 kg yr (upper row) and ε = 100 kg yr

(lower row) . Including a constant background of 1 event/energy bin. RLiF = 3
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Detection with two experiments 

Ge detector (e.g. SuperCDMS) 

Xe detector (e.g. Xenon)  
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2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires

more careful analysis. Especially the threshold recoil energy Eth which is optimized

cut for a certain experimental setup sensitive in analyzing signals of relatively light

dark matter.

The detection of WIMP dark matter in more than one target would provide...For

example, the consistency of energy spectra measured by experiments using different

target nuclei would confirm that the events were due to WIMP scattering (rather

than, for instance, neutron backgrounds) [7]. [JHH: more explanations..]

[JHH: Greene paper, Drees paper should be here.]

The simultaneous measurement of spin-dependent and spin-independent interaction

have potential ability to discriminate DM model. In [8] it was shown that the use of

two different target can discriminate the lightest supersymmetric particle (LSP) in

7

where CSI/SD(target, mN ) ≡
∫

dER

∫

dv(ρ0f(v)/2µ2
Nmχv)F 2

SI/SD.

R1 = A1σ
SI
0 +

(

Bp
1

√

σSD,p
0 +Bn

1

√

σSD,n
0

)2

, (2.26)

R2 = A2σ
SI
0 +

(

Bp
2

√

σSD,p
0 +Bn

2

√

σSD,n
0

)2

, (2.27)

R3 = A3σ
SI
0 +

(

Bp
3

√

σSD,p
0 +Bn

3

√

σSD,n
0

)2

, (2.28)

2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires
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The detection of WIMP dark matter in more than one target would provide...For

example, the consistency of energy spectra measured by experiments using different

target nuclei would confirm that the events were due to WIMP scattering (rather

than, for instance, neutron backgrounds) [7]. [JHH: more explanations..]

[JHH: Greene paper, Drees paper should be here.]

The simultaneous measurement of spin-dependent and spin-independent interaction

have potential ability to discriminate DM model. In [8] it was shown that the use of

two different target can discriminate the lightest supersymmetric particle (LSP) in
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Both experiments are mostly sensitive to the spin-
independent component  
 
Degeneracies cannot be completely removed but the 
upper bound on the spin-dependent component is more 
stringent  
 
Better determination of the WIMP mass 
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Ideal for complementarity: targets which have large spin content 
	
  

TABLE I: The static spin matrix elements for various nuclei. For 3He see Moulin, Mayet and Santos [41]. For the
other light nuclei the calculations are from DIVARI [29]. For 73Ge and 127I the results presented are from Ressel et

al [30] (*) and the Finish group et al [31] (**). For 207Pb they were obtained by the Ioannina team (+). [40], [32].

3 He 19F 29Si 23Na 73Ge 127I∗ 127I∗∗ 207Pb+

Ω0(0) 1.244 1.616 0.455 0.691 1.075 1.815 1.220 0.552
Ω1(0) -1.527 1.675 -0.461 0.588 -1.003 1.105 1.230 -0.480
Ωp(0) -0.141 1.646 -0.003 0.640 0.036 1.460 1.225 0.036
Ωn(0) 1.386 -0.030 0.459 0.051 1.040 0.355 -0.005 0.516
µth 2.91 -0.50 2.22
µexp 2.62 -0.56 2.22
µth(spin)

µexp
0.91 0.99 0.57

with ap and an are the proton and neutron spin amplitudes, which, of course, depend on the model. In the case of
the LSP [25]

σ0 =
1

2π
(GF mp)

2 = 0.77 × 10−38cm2 = 0.77 × 10−2pb.

In extracting limits on the nucleon cross sections from the data we will find it convenient to write:

Σ̄spin = (
µr

µr(p)
)2σspin

nuc , σspin
nuc =

1

3
|Ωp

√
σp + Ωn

√
σneiδ|2 =

1

3
||Ωp|

√
σp + |Ωn|

√
σnei(δ+δA)|2, (13)

where Ωp(0) and Ωn(0) are the proton and neutron components of the static spin nuclear matrix elements, δA is the
relative phase between them (zero or π) and δ the relative phase between the amplitudes ap and an.
The nuclear spin ME are defined as follows:

Ωp(0) =

√

J + 1

J
≺ J J |σz(p)|J J $ , Ωn(0) =

√

J + 1

J
≺ J J |σz(n)|J J $ (14)

where J is the total angular momentum of the nucleus and σz = 2Sz. The spin operator is defined by Sz(p) =
∑Z

i=1 Sz(i), i.e. a sum over all protons in the nucleus, and Sz(n) =
∑N

i=1 Sz(i), i.e. a sum over all neutrons.
Furthermore

Ω0(0) = Ωp(0) + Ωn(0) , Ω1(0) = Ωp(0) − Ωn(0). (15)

The spin ME can be obtained in the context of a given nuclear model. Some such matrix elements of interest to the
planned experiments are given in table I. The shown results are obtained from DIVARI [29], Ressel et al (*) [30], the
Finish group (**) [31] and the Ioannina team (+) [40], [32].

Before concluding this section we should emphasize that from the spin matrix elements of Table I those associated
with 19F are the most reliable for the following reasons [29]:

• The light s-d nuclei are very well described within the interacting shell model.

• The magnetic moment of the ground state is dominated by the spin (the orbital part is negligible).

• The calculated magnetic moment is quite large and in good agreement with experiment.

To summarize: The proton and neutron spin cross sections can be obtained in a given particle model for the WIMP’s.
As we have seen there is a plethora of such models to motivate the experiments. Some of them may yield as high as
a few tens of events per kg of target per year [12]. But most of them depend on imput parameters that are not well
detemined. So none of them seems to be universally accepted. Thus in the present work, rather than following the
standard procedure of providing constrained parameter spaces, we will treat the proton and neutron cross sections as
parameters to be extracted from the data. This can be done, once the nuclear spin matrix elements are known, for
various values of the phase difference δ. The only particle parameter we will retain is the WIMP mass, which is the
most important, since it enters not only in the elementary cross sections but the kinematics as well.

4

From Vergados ‘09 

	
  
	
  
	
  

	
  
	
  
	
  

	
  
	
  
	
  

	
  
	
  
	
  

Ideally one also wants to further discriminate SD-proton and SD-neutron	
  

Fluorine? – e.g., used in COUPP	
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Detection with three experiments 

Ge detector (e.g. Super CDMS) 

Xe detector (e.g. Xenon)  

5.2.2 Light dark matter
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Figure 33: From top to bottom, Germanium only, Germanium and Xenon, and Germanium,

Xenon and COUPP for σSI = 10−9 pb, σSD = 10−5 pb and m = 50 GeV which is

represented by a full dot. Here we include background as well as halo uncertainties.
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+ COUPP (CF3I) 
(no spectrum measurement – 
no mass reconstruction) 

M1, M2, M3 (1.18)

m2

L1,3
, m2

E1,3
(1.19)

m2

Q1,3
, m2

U1,3
, m2

D1,3
(1.20)

AE, AU , AD (1.21)

m2

Hd
, m2

Hu
(1.22)

M, m, A, tanβ, sign(µ) (1.23)

tanβ ≡
〈Hu〉

〈Hd〉
(1.24)

σSI
0

= 10−9 pb

σSD
0

= 10−5 pb

mW = 50GeV

ε = 300 kg yr (1.25)
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More stringent upper bound on the spin-dependent 
component  
 
No improvement in the determination of the WIMP mass 



How large do we need the target to be to obtain complementarity? 
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Detection with three experiments 

Ge detector (e.g. SuperCDMS) 

Xe detector (e.g. Xenon)  

+ EURECA (LiF) 
100 kg yr 

Degeneracies can be removed and the phenomenological 
parameters determined 
 
The needed exposure depends on the actual point in the 
parameter space 
 
In progress: testing other possible targets and the whole 
parameter space 
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Figure 11: Benchmark point L-SI. LiF with ε = 30 kg yr (upper row) and ε = 100 kg yr

(lower row) . Including a constant background of 1 event/energy bin. RLiF = 3
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Figure 15: Benchmark point L-SI. Al2O3 with ε = 100 kg yr (upper row) and ε = 300 kg yr

(lower row) . No background. RAl2O3
= 5
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Detection with three experiments 

Ge detector (e.g. SuperCDMS) 

Xe detector (e.g. Xenon)  

+ EURECA (Al2O3) 
300 kg yr 

M1, M2, M3 (1.18)
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AE, AU , AD (1.21)

m2

Hd
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Hu
(1.22)

M, m, A, tanβ, sign(µ) (1.23)

tanβ ≡
〈Hu〉

〈Hd〉
(1.24)

σSI
0

= 10−9 pb

σSD
0

= 10−5 pb

mW = 50GeV

ε = 300 kg yr (1.25)

3

Degeneracies can be removed and the phenomenological 
parameters determined 
 
The needed exposure depends on the actual point in the 
parameter space 
 
In progress: testing other possible targets and the whole 
parameter space 



The goal is to completely characterise these targets, determining for which regions of the 
parameter space they provide complementarity 

These results depend on the mass and cross section of the WIMP 

Boundary of Complementarity

The region shows the ability of discrimination between two DM
models (ex. SUSY vs KK), of certain combination of DD
experiment.

Ji-Haeng Huh (IFT/UAM) Complementarity and ROSEBUD APCTP(2011) 20 / 38

Li F (100 kg yr)	
   Li F (100 kg yr)	
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Conclusions 

•  Spin-dependent sensitive targets can provide COMPLEMENTARY information to 
determine the WIMP phenomenological parameters 

 

•  We have studied the effect of UNCERTAINTIES in the spin-dependent form 
factors for the reconstruction of WIMP parameters 

 
They affect the determination of the WIMP mass and SD cross-section off nuclei 

Comparable to astrophysical uncertainties (if the SD contribution dominates)   

Germanium and Xenon experiments might be unable to fully determine the 
WIMP phenomenological parameters (no measurement of the SD cross-section) 

~100 kg of LiF or Al2O3 (bolometric targets that could be used in EURECA) can 
be complementary 
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Some of the SD targets used in Direct DM detection 
	
  

Complementarity of targets in dark matter searches

Table 1: spin-sensitive detector isotopes and their experiments.

isotope Z Jπ abundance (%) experiment
3He 2 1/2+ <<1 MIMAC
7Li 3 3/2− 93 Kamioka
13C 6 1/2− 1.1 PICASSO, SIMPLE, COUPP
17O 8 5/2+ <<1 ROSEBUD, CRESST
19F 9 1/2+ 100 SIMPLE, PICASSO, Kamioka, COUPP
21Ne 10 3/2+ <<1 CLEAN
23Na 11 3/2+ 100 DAMA, NAIAD, ANAIS, LIBRA

Kamioka
27Al 13 5/2+ 100 ROSEBUD
29Si 14 7/2+ 4.7 CDMS
35Cl 17 3/2+ 76 SIMPLE
37Cl 17 3/2+ 24 SIMPLE
43Ca 20 7/2− <<1 CRESST-II, Kamioka
67Zn 30 5/2− 4.1 CRESST-II
73Ge 32 9/2+ 7.8 HDMS, CDMS, GENIUS, EDELWEISS
127I 53 5/2+ 100 DAMA , NAIAD, KIMS, ANAIS, LIBRA, COUPP

129Xe 54 1/2+ 26 ZEPLIN
131Xe 54 3/2+ 21 ZEPLIN
133Cs 55 7/2+ 100 KIMS
183W 74 1/2− 14 CRESST-II
209Bi 83 9/2− 100 ROSEBUD

References
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Example: Two targets in COUPP 

WIMP detection in two complementary 
targets can be used to discriminate WIMP 
models	
  

Bertone, D.G.C, Collar, Odom ‘07 

The detection rate for a given target is a function of the spin-dependent and 
independent couplings of the WIMP	
  

E.g., for COUPP with CF3I and C4F10	
  

(use WIMP relation among 
σSD

nand σSD
p)	
  

R1~ A1 σSI
p + B1 σSD

p	
  
R2~ A2 σSI

p + B2 σSD
p	
  

(See also Belanger, Nezri, Pukhov ‘08) 
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Example: Two targets in COUPP 

Bertone, D.G.C, Collar, Odom ‘07 

The detection rate for a given target is a function of the spin-dependent and 
independent couplings of the WIMP 
	
  

(use WIMP relation among 
σSD

nand σSD
p)	
  

WIMP detection in two complementary 
targets can be used to discriminate WIMP 
models	
  

E.g., for COUPP with CF3I	
  

LSP �

LKP �

R1~ A1 σSI
p + B1 σSD

p	
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Taking into account the background 

For the inclusion of a background for CDMS we have assumed that the new interleaved 
detectors will make Surface Electron Recoils a negligible background. 

Bulk Electron Recoils   ~5x10-4 

Cosmogenic Neutrons  ~0.04 

Radiogenic Neutrons    ~0.04 

Runs 125-8: 

from M. Fritts PhD Thesis 

!"#$%&'(&)*+%*,-& ./0.10/.2.&!34

5673&73&!89:&;8<&=&>3?@*+)!A3B&:CD:<7A:95

5E*&F"GHI+-?J%&E"K&L-&F*&L"H*J&$JL-&"GG-?JL&$J&LE*&G"MG?M"L$-J&-N&LE*&*KL$O"L*%&J?OF*+&
-N&L-L"M&J?GM*"+&+*G-$MK

!"#$% &'()*+,-./

=KK?O*& NM"L& P*J*+IQ0$J%*@*J%*JLR& F"GHI+-?J% &0& G-JK*+#"L$#*& GE-$G*& PS-+K*&
*T@*+$O*JL"M&+*G-JKL+?GL$-J&-N&!A&@"+"O*L*+KR

;-+&U7ADK

P*(I(V&N-+&LE*&W))X&@-$JLR

Flat (energy-independent) background – conservative choice (worse parameter reconstruction)  

Estim. for 333 kg yr of Ge: (in the same site)  ~16 Events 

For other experiments (Xenon and COUPP) we also assume a factor 10 improvement in the 
background  
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Astrophysical uncertainties in direct DM searches 

Uncertainty in the local density 
parameter leads to an indetermination 
of the total scattering cross section 	
  

Variations in the velocity distribution 
factor affect the potential reach for low 
mass WIMPs and the reconstruction of 
WIMP mass 

Both effects are correlated 

1 Introduction

2 Direct dark matter detection

Let us start by briefly reviewing some basic expressions describing the WIMP rate in

direct dark matter detection [1] (for a recent review see Ref. [2]).

The differential event rate for the elastic scattering of a WIMP with mass mχ off a

nucleus with mass mN is given by

dR

dER
=

ρ0
mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv , (2.1)

where ρ0 is the local WIMP density and f(v) is the WIMP speed distribution in the

detector frame normalized to unity. The integration over WIMP speeds is performed

from the minimum WIMP speed which can induce a recoil of energy ER: vmin =√
(mNER)/(2µ2

N) and a escape velocity vesc, the maximum speed in the Galactic rest

frame for WIMPs which are gravitationally bound to the Milky Way. The total event

rate is then calculated by integrating the differential event rate over all the possible

recoil energies,

R =

∫ ∞

ET

dER
ρ0

mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv . (2.2)

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

of measuring, and is a crucial parameter of the experimental setup.

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(scalar) and a spin-dependent contribution, and the total WIMP-nucleus cross section

is calculated by adding coherently the above spin and scalar components, using nuclear

wave functions. The differential cross section thus reads

dσWN

dER
=

mN

2µ2
Nv

2

(
σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)
, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the spin-

independent and -dependent contributions.

[DC: Not sure we should start with this since we do not determine the ex-

pressions of the effective Lagrangian and this is actually only for Fermions.
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Mono-jet and Mono-γ (plus MET) searches constrain the region of light WIMPs 

Dark matter production with initial state 
radiation 	
  

Mono-jet and mono-photon signatures of dark matter

Idea: Pair production of DM + some visible particles
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Bounds depend on the DM effective 
operators to fermions	
  

LHC data 2011 (see also previous results from Tevatron)	
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FIG. 11. The same as in Fig. 1 but for the case of 129Xe (top row) and 131Xe (bottom row). The solid (dashed) red lines

correspond to the ShM calculation using the Bonn A (Nijmegen II) potential [39]. The solid black line corresponds to the

determination of Ref. [40] and the dotted black lines are the errors associated to it (the errors for S00 are negligible and are not

shown). 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) with the parameters defined in the text. The vertical black dashed lines indicate the WIMP search

window used in the analysis.

the SDSFs. In particular, for the S11 component in
129Xe we consider N = [0.029, 0.052], α = [4.2, 4.7],

and β = [1.0 × 10−3, 7 × 10−3]. Similarly, in 131Xe the

ranges for S11 are N = [0.017, 0.027], α = [4.3, 5.0], and

β = [4.2× 10−2, 6.1× 10−2]. The various models for the

SDSFs are represented in Fig. 11, together with the en-

velopes for S00 and S11 in both isotopes. We consider

the same exposure as in the previous case (ε = 300 kg

yr) but the energy range of the WIMP detection window

is now taken to be ER = [8.4, 44.8] keV, mimicking that

of the XENON100 experiment.

Uncertainties in the SDSF for xenon have the same

qualitative effect as in germanium. Namely, the predic-

tions for the WIMP mass and the SD component of its

scattering cross-section are affected. The resulting con-

tours for the profile likelihood benchmarks BM1, BM2

and BM3 are displayed in Figs. 12. We can observe that

the effect is similar in magnitude to the case of germa-

nium (despite being a heavier nucleus than germanium,

the isotopic abundance of the elements sensitive to the

SD coupling is larger in xenon). Once more, deviations

are larger for BM2 and BM3 than in BM1.

The inclusion of uncertainties on SDSF through the

parametrization in Eq. (14) is a procedure that can be

applied to other nuclei. In the case of germanium and

xenon, the existence of different SDSF computations al-

lowed us to define the ranges in which the three param-

eters of Eq. (14) are varied.

C. Comparison with astrophysical uncertainties

To put our results in context, we need to compare the

effects of nuclear uncertainties in the SDSF that we just

discussed with those originating from astrophysical un-

Uncertainties in Xenon SD Structure Functions 

18

u

S 00

E R
= 

8.
4 

ke
V

E R
= 

44
.8

 k
eV

0 0.5 1 1.5 210−4

10−3

10−2

10−1

u

S 11

E R
= 

8.
4 

ke
V

E R
= 

44
.8

 k
eV

0 0.5 1 1.5 2

10−4

10−3

10−2

10−1

u

S 00

E R
= 

8.
4 

ke
V

E R
= 

44
.8

 k
eV

0 0.5 1 1.5 210−4

10−3

10−2

10−1

u

S 11

E R
= 

8.
4 

ke
V

E R
= 

44
.8

 k
eV

0 0.5 1 1.5 210−4

10−3

10−2

10−1

FIG. 11. The same as in Fig. 1 but for the case of 129Xe (top row) and 131Xe (bottom row). The solid (dashed) red lines

correspond to the ShM calculation using the Bonn A (Nijmegen II) potential [39]. The solid black line corresponds to the

determination of Ref. [40] and the dotted black lines are the errors associated to it (the errors for S00 are negligible and are not

shown). 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) with the parameters defined in the text. The vertical black dashed lines indicate the WIMP search

window used in the analysis.

the SDSFs. In particular, for the S11 component in
129Xe we consider N = [0.029, 0.052], α = [4.2, 4.7],

and β = [1.0 × 10−3, 7 × 10−3]. Similarly, in 131Xe the

ranges for S11 are N = [0.017, 0.027], α = [4.3, 5.0], and

β = [4.2× 10−2, 6.1× 10−2]. The various models for the

SDSFs are represented in Fig. 11, together with the en-

velopes for S00 and S11 in both isotopes. We consider

the same exposure as in the previous case (ε = 300 kg

yr) but the energy range of the WIMP detection window

is now taken to be ER = [8.4, 44.8] keV, mimicking that

of the XENON100 experiment.

Uncertainties in the SDSF for xenon have the same

qualitative effect as in germanium. Namely, the predic-

tions for the WIMP mass and the SD component of its

scattering cross-section are affected. The resulting con-

tours for the profile likelihood benchmarks BM1, BM2

and BM3 are displayed in Figs. 12. We can observe that

the effect is similar in magnitude to the case of germa-

nium (despite being a heavier nucleus than germanium,

the isotopic abundance of the elements sensitive to the

SD coupling is larger in xenon). Once more, deviations

are larger for BM2 and BM3 than in BM1.

The inclusion of uncertainties on SDSF through the

parametrization in Eq. (14) is a procedure that can be

applied to other nuclei. In the case of germanium and

xenon, the existence of different SDSF computations al-

lowed us to define the ranges in which the three param-

eters of Eq. (14) are varied.

C. Comparison with astrophysical uncertainties

To put our results in context, we need to compare the

effects of nuclear uncertainties in the SDSF that we just

discussed with those originating from astrophysical un-

18

u

S
00

E
R

= 
8.

4 
ke

V

E
R

= 
44

.8
 k

eV
0 0.5 1 1.5 210−4

10−3

10−2

10−1

u

S
11

E
R

= 
8.

4 
ke

V

E
R

= 
44

.8
 k

eV

0 0.5 1 1.5 2

10−4

10−3

10−2

10−1

u

S
00

E
R

= 
8.

4 
ke

V

E
R

= 
44

.8
 k

eV

0 0.5 1 1.5 210−4

10−3

10−2

10−1

u

S
11

E
R

= 
8.

4 
ke

V

E
R

= 
44

.8
 k

eV

0 0.5 1 1.5 210−4

10−3

10−2

10−1

FIG. 11. The same as in Fig. 1 but for the case of 129Xe (top row) and 131Xe (bottom row). The solid (dashed) red lines

correspond to the ShM calculation using the Bonn A (Nijmegen II) potential [39]. The solid black line corresponds to the

determination of Ref. [40] and the dotted black lines are the errors associated to it (the errors for S00 are negligible and are not

shown). 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) with the parameters defined in the text. The vertical black dashed lines indicate the WIMP search

window used in the analysis.

the SDSFs. In particular, for the S11 component in
129Xe we consider N = [0.029, 0.052], α = [4.2, 4.7],

and β = [1.0 × 10−3, 7 × 10−3]. Similarly, in 131Xe the

ranges for S11 are N = [0.017, 0.027], α = [4.3, 5.0], and

β = [4.2× 10−2, 6.1× 10−2]. The various models for the

SDSFs are represented in Fig. 11, together with the en-

velopes for S00 and S11 in both isotopes. We consider

the same exposure as in the previous case (ε = 300 kg

yr) but the energy range of the WIMP detection window

is now taken to be ER = [8.4, 44.8] keV, mimicking that

of the XENON100 experiment.

Uncertainties in the SDSF for xenon have the same

qualitative effect as in germanium. Namely, the predic-

tions for the WIMP mass and the SD component of its

scattering cross-section are affected. The resulting con-

tours for the profile likelihood benchmarks BM1, BM2

and BM3 are displayed in Figs. 12. We can observe that

the effect is similar in magnitude to the case of germa-

nium (despite being a heavier nucleus than germanium,

the isotopic abundance of the elements sensitive to the

SD coupling is larger in xenon). Once more, deviations

are larger for BM2 and BM3 than in BM1.

The inclusion of uncertainties on SDSF through the

parametrization in Eq. (14) is a procedure that can be

applied to other nuclei. In the case of germanium and

xenon, the existence of different SDSF computations al-

lowed us to define the ranges in which the three param-

eters of Eq. (14) are varied.

C. Comparison with astrophysical uncertainties

To put our results in context, we need to compare the

effects of nuclear uncertainties in the SDSF that we just

discussed with those originating from astrophysical un-



17

log(m
!
/GeV)

lo
g(
"
SI
/p
b)

BM1
Germanium

1 2 3 4−11

−10

−9

−8

−7

log(m
!
/GeV)

lo
g(
"
SD
/p
b)

BM1
Germanium

1 2 3 4−7

−6

−5

−4

−3

−2

−1

log("SI/pb)

lo
g(
"
SD
/p
b)

BM1
Germanium

−11 −10 −9 −8 −7−7

−6

−5

−4

−3

−2

−1

log(m
!
/GeV)

lo
g(
"
SI
/p
b)

BM2
Germanium

1 2 3 4−11

−10

−9

−8

−7

log(m
!
/GeV)

lo
g(
"
SD
/p
b)

BM2
Germanium

1 2 3 4−7

−6

−5

−4

−3

−2

−1

log("SI/pb)

lo
g(
"
SD
/p
b)

BM2
Germanium

−11 −10 −9 −8 −7−7

−6

−5

−4

−3

−2

−1

log(m
!
/GeV)

lo
g(
"
SI
/p
b)

BM3
Germanium

1 2 3 4−11

−10

−9

−8

−7

log(m
!
/GeV)

lo
g(
"
SD
/p
b)

BM3
Germanium

1 2 3 4−7

−6

−5

−4

−3

−2

−1

log("SI/pb)

lo
g(
"
SD
/p
b)

BM3
Germanium

−11 −10 −9 −8 −7−7

−6

−5

−4

−3

−2

−1

FIG. 10. Two-dimensional profile likelihood for the reconstructed parameter space (mχ, σ
SI , σSD) in benchmark models

BM1, BM2, and BM3 (from top to bottom), including nuclear uncertainties in the SDSF through the three-parameter model

introduced in Eq. (14). The inner and outer black contours are 68% and 99% confidence levels, respectively. The solid blue

line corresponds to the case without uncertainties. The yellow dot indicates the benchmark value of the parameters, while the

yellow encircled cross the position of the best-fit values.

trons). As in the case of germanium, we consider various

parametrizations of the SD form factor for these nuclei

from Ref. [39], in which the nuclear shell model was ap-

plied to two different potentials describing the nucleon-

nucleon interaction, the Bonn A [63] and Nijmegen II

[64] potentials. We also include a recent result from

Ref. [40] in which the so called gcn5082 interaction [65]

is used. Then we repeat the analysis of the previous

section modeling the uncertainties in the xenon SDSF

by means of the parametrizations in Eq. (14), chang-

ing the values of the (N, α, β) parameters to define

the area that contains the above-mentioned models for

M1, M2, M3 (1.18)

m2

L1,3
, m2

E1,3
(1.19)

m2

Q1,3
, m2

U1,3
, m2

D1,3
(1.20)

AE, AU , AD (1.21)

m2

Hd
, m2

Hu
(1.22)

M, m, A, tanβ, sign(µ) (1.23)

tanβ ≡
〈Hu〉

〈Hd〉
(1.24)

σSI
0

= 10−9 pb

σSD
0

= 10−5 pb

mW = 50GeV

ε = 300 kg yr (1.25)

σSI
0

= 10−9 pb

σSD
0 = 10−5 pb

mW = 100GeV

ε = 300 kg yr (1.26)

3

where CSI/SD(target, mN ) ≡
∫

dER

∫

dv(ρ0f(v)/2µ2
Nmχv)F 2

SI/SD.

σSI
0 = 10−9 pb (2.26)

σSD
0 = 10−5 pb (2.27)

mW = 100GeV (2.28)

R1 = A1σ
SI
0 +

(

Bp
1

√

σSD,p
0 +Bn

1

√

σSD,n
0

)2

, (2.29)

R2 = A2σ
SI
0 +

(

Bp
2

√

σSD,p
0 +Bn

2

√

σSD,n
0

)2

, (2.30)

R3 = A3σ
SI
0 +

(

Bp
3

√

σSD,p
0 +Bn

3

√

σSD,n
0

)2

, (2.31)

2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires

more careful analysis. Especially the threshold recoil energy Eth which is optimized

cut for a certain experimental setup sensitive in analyzing signals of relatively light

dark matter.
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FIG. 13. One-dimensional profile likelihood for mχ, σ
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in the case of a germanium detector. The solid blue line corresponds to the case without uncertainties, the black solid line

represents the results when nuclear uncertainties in the SDSF are included, and the dashed black line denotes the case when

astrophysical uncertainties are included. The black dot represents the benchmark value of the parameters.
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2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires

more careful analysis. Especially the threshold recoil energy Eth which is optimized

cut for a certain experimental setup sensitive in analyzing signals of relatively light

dark matter.
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by other experiment is still crucial for the identification of the dark matter model.
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2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.
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interaction than spin-dependent one, while nuclei with large spin interacts with WIMP
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7

M1, M2, M3 (1.18)
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