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The combined observation of dark matter in various dire¢¢ct®on experiments can be used
to determine the phenomenological properties of WIMP daakten: mass, spin-dependent and
spin-independent scattering cross-section off quarksrdar to understand the reconstruction of
dark matter parameters, the effect of uncertainties in tidear spin-dependent structure func-
tions must be taken into account. Different nuclear modesdescribe the spin-dependent struc-
ture function of specific target nuclei can lead to variagionthe reconstructed values of the DM
mass and scattering cross-section that can be similar ifitadgto that of astrophysical uncer-
tainties, especially in those cases where the spin-depéndatribution to the elastic scattering
cross-section is sizable. After reviewing these effetts,itea of target complementarity is ap-
plied to the specific case of the scintillating bolometerscivtare currently being developed and
tested by the ROSEBUD collaboration.
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1. Direct dark matter detection and reconstruction of WIMP parameters

Direct searches of dark matter (DM) aim to observe this ahohfut elusive component of
the Universe by detecting its recoils off target nuclei ofegedtor. A large number of experiments
have been taking data in the last decades or are currentr wodhstruction with this objective,
leading to a very exciting present situation. The diffeiadrdvent rate for the elastic scattering of a
WIMP with massm, off a nucleus with mass is given by

Vesc
dR __po / Vi) 22 (v Eq) v (1.1)

d?R N mN mX Vmin dER
wherepg is the local WIMP density and (v) is the WIMP velocity distribution in the detector
frame. In general, the WIMP-nucleus cross-section is sg¢diinto a spin-independent (Sl) and a
spin-dependent (SD) contribution,

do . my
dEr  2u3v2
SIN SDN

whereog;,” " andgy " are the Sl and SD WIMP-nucleus cross-sections at zero momenansfer.
Fsi(Er) andFsp(ER) are the Sl and SD form factors that account for the coherassewhich leads
to a suppression of the event rate for heavy WIMPSs or heavienuc

Constraints are normally expressed in terms of the Sl and @Bponents of the WIMP-
nucleon elastic cross-section?! andoSP, respectively. To date, the most stringent constraints on
oS! are those obtained from the XENON100 data [i}/(< 2 x 1078 pb for a mass around 50GeV),
as well as XENON10 [2] and the low-energy reanalysis of CDVS], which dominate for light
WIMPs. Regarding the SD contribution, the leading bounde lieen provided by XENON [4]
(SD cross-section with neutronsSP") and COUPP [5] and PICASSO [6] (SD cross-section with
protons,oSPP). Larger and more sophisticated direct detection exparisnare currently under
development. This is the case, for example, of the SuperCRMEXENONLILT collaborations,
which aim at the construction of 1 Ton scale detectors basegomanium and xenon, respectively.

If a DM signal is obtained in a direct detection experimehe bbserved rate and (if the
experiment provides it) the energy dependence of the diftal rate (the energy spectrum) can
be used to reconstruct the properties of the DM particle [B]8 In doing this, it is crucial to
include uncertainties in the nuclear form factors and ingaameters describing the DM halo. In
particular, astrophysical uncertainties are known toigantly affect the reconstruction of both
the mass and scattering cross section of the DM, see e.g[1BEfSimilarly, uncertainties in the
spin-dependent form factors can lead to a mis-reconstructi the WIMP mass and SD scattering
cross section [11].

(06""F&(Er) + 052 NFEA(ER) ) (1.2)

2. Nuclear uncertaintiesin the spin-dependent structure functions

The SD contribution to the WIMP-nucleus differential cregxtion in Eq. (1.2) can be ex-
panded as a function of the WIMP couplings to the matrix eleinef the axial-vector currents in
protons @p) and neutronsay),

do\ _ 16GEmy (J+1)
dEr/gp TV J

(Ap(Sp) +an(Sh))*Féo(Er) . (2.1)
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my [GeV] oS'[pb] oSP[pb] | A AS! ASP
BM1 100 10°° 10° |372 364 038
BM2 50 10° 10° | 421 412 0.9
BM3 100 10°° 10° | 79.6 36.4 43.2

Table 1: Phenomenological parameters defining the benchmark moWddsinclude the predicted total
number of recoil events\, as well as the number of events (calculated using the R-fnade(A SP) due to
S| (SD) interactions, for the experimental setup describelde text.

wherelJ is the total spin of the nucleus a8, ((S,)) is the proton (neutron) spin averaged over the
nucleus. The SD form factd?2,(Er) = S(Er)/S(0), is commonly expressed as a decomposition
into isoscalar§ = ap + a,) and isovectord; = a, — an) couplings,

S(q) = a8Soo(0) + 2081 S1(a) + 82 S11(q), (2.2)

whereq is the momentum transfer. The quantit®g(q), S11(q) andS:(q) are the spin-dependent
structure functions (SDSFs), and are computed using nuplegsics models, whereas the cou-
plings a, anda, (and consequentlgy anda;) are specific of the particle physics model for DM
and are computed from the diagrams describing the WIMPeaucinteraction. The SDSF can be
calculated using a shell-model (ShM) description of thera¢éanucleus, but the results are depen-
dent on the specific potential chosen to describe the irtteraamong nucleons and results int he
literature can differ significantly. This introduces an ertainty in the reconstruction of the WIMP
parameters (in particular its mass and SD scattering est$en) [11]. To illustrate this we will
consider two benchmark points BM1, BM2 and BM3 with the totke and energy spectrum of
nuclear recoils as given in Table 1. For concreteness wadmmnexplicitly the casey,/an = —1,
which implies looking at only th&;; component of the SDSF.

To incorporate nuclear uncertainties we use a descriptidgheostructure functions in terms
of three parameters§;(u) = N ((1—-)e "+ ), whereN acts as an overall normalization that
allows us to fit the value at zero-momentufhcontrols the height of a possible tail at large mo-
mentum anda provides the slope of the decreasing part in the the low-nmbune regime. In
Ref. [11] we determined the maximum and minimum values oflihee parametefd, a andg for
germanium and xenon targets in such a way that they cont#iireegredictions from the existing
calculations in the literature. In the case of germaniunectets, we included the calculations of
Refs.[12, 13, 14] for3Ge, and the resulting range f8¢1(q) is the following: N = [0.12, 0.21],

B =[0.020,0.042, anda = [5.0, 6.0]. Similarly, for xenon we used Ref. [15], in which the nu-
clear shell model was applied to two different potentialsadding the nucleon-nucleon inter-
action, the Bonn A [16] and Nijmegen Il [17] potentials. Wealinclude a recent result from
Ref. [18] in which the so called gcn5082 interaction [19] sed. For theS;; component in
129%e we are left with the following range of parametebé,= [0.029, 0.057, a = [4.2,4.7],
andB = [L.0x 1073,7 x 107%]. Similarly, in *3Xe the ranges fo6; are N = [0.017, 0.027,

a =[4.3,5.0],andf = [42x 1072,6.1x 1072].

With this input we calculate the expected number of everdsdifferential rate in a germanium
and xenon experiment. We consider a total exposue-6300 kg yr, that could correspond to a
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Figure 1: Two-dimensional profile likelihood for the reconstructeargmeter spacémy, oS!, gSP) in
benchmark models BM1, BM2 and BM3 (from top to bottom), irtthg nuclear uncertainties in the SDSF.
The inner and outer black contours are 68% and 99% confideneks| respectively. The solid blue line cor-
responds to the case without uncertainties. The yellowrdhtates the benchmark value of the parameters,
while the yellow encircled cross the position of the bestdiues.

1 Ton experiment operating for a whole year with an efficieat$0%. We consider the energy
thresholds of CDMS and XENON100 for germanium and xenorpees/ely and compute the
expected number of dark matter events in a series of enemgy Bhis provides the total WIMP rate
and a measurement of the recoil spectrum. We then perforrarastthe phenomenological DM
parameters, including nuclear uncertainties as nuisaaameters. For each point the likelihood
is calculated using the total WIMP rate and spectrum and weauBayesian inference algorithm,
thus determining the posterior distribution function of thM mass and scattering cross-section.
The whole method is explained in detail in Ref. [11].
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The reconstruction of DM parametefis,, 0!, gSP) for benchmarks BM1, BM2, and BM3
are displayed in Fig. 1 in the case of a germanium detectackBiontours correspond to the results
when nuclear uncertainties are taken into account, whexeascontours correspond to the case
without uncertainties. For BM1 the differences with reggedhe case with no uncertainties are
very small. One can only observe a slight widening in therdeiteation ofoSP when uncertainties
in the SDSF are included, but otherwise the reconstructgine in the parameter space show
very little differences. This occurs because in this pdietDM candidate interacts mainly through
Sl interactions and it is thus fairly independent of the tetaf the SD term. Something similar
occurs in the case of BM2, although the widening of the reiraogon of oSP is more evident
now. Also the 68% confidence level curves corresponding ¢dMiMP mass extend to slightly
larger values (notice that the logarithmic scale makesdtiézt more difficult to observe). Finally,
it is in benchmark BM3 that the largest effects are found;esithe SD contribution is larger. Once
more, a widening in the determination ofP is observed, which is now more evident in the 68%
confidence level lines. Also the inclusion of uncertainfieshe SDSF enlarge the contours for
large WIMP masses.

The same procedure can be used for xenon detectors. Nagurah contains two isotopes
129% e (with a 26.4% isotopic abundance) afidXe (21.29%) which are sensitive to the SD com-
ponent of the WIMP interaction (in particular to the SD cresstion of the WIMP with neutrons).
Uncertainties in the SDSF for xenon are found to have the spralitative effect as in germanium
[11]. Despite being a heavier nucleus than germanium, tiepg abundance of the elements
sensitive to the SD coupling is larger in xenon and both &ffeompensate each other.

Finally, to put these results in context, we need to compgaeffects of nuclear uncertainties
in the SDSF that we just discussed with those originatinghfestrophysical uncertainties in the
parameters of the DM halo. Astrophysical uncertaintiescfboth the reconstruction of the three
DM parametersmy, 05" and 5P and are equally relevant, irrespectively of whether thenmai
contribution comes from the SD or Sl component. Nuclear tatc#ies generally have a smaller
effect than astrophysical ones, but they can be compamabtame benchmark scenarios, especially
regarding the mass reconstruction.

3. Complementary targetsin direct detection searches

If DM is detected, the use of different targets is crucial,itasan serve to unambiguously
determine some of the WIMP properties (e.g., its interactimss section off protons and neu-
trons), thus helping us discriminating among the varioud#/NIcandidates. This idea was applied
to the case of the COUPP experiment in Ref. [20], emphasitiagelevant role of targets which
are sensitive to SD WIMP-nucleus interactions and showow tletection in two complementary
targets (in that case €10 and GFI) could allow a better measurement of the WIMP couplings.
The idea of target complementarity has later been appli¢etodetermination of the WIMP mass
and cross section from different DM experiments [21, 22] tredrelevance of targets sensitive to
the SD cross section has been analytically studied in R&f. [@ illustrate this, we note that, from
Eq. (1.1), the total detection rate can be expressed as

R= %5 0° 4+ %sp VOoSPP, (3.1)
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Figure 2: Schematic view of the reconstruction of the phenomenotgiarametersS' andoSP from the
observed rates in two different DM experiments (orange aadrgshaded areas, respectively).

where the coefficient®’, sp contain the integration in velocities and energies (andpeaéence

on the WIMP mass),
Pof 2
=/d F dv. 3.2
©s|/sp= / ER/<2uNm V> Si/spdVv (3.2)

Notice that all the dependence on the astrophysical habmpeters and the experimental setup (tar-
get material, energy threshold, energy resolution, et@)cantained in them. Even if we assume
that the WIMP mass can be determined independently withsoonedole accuracy, we are still left
with two parameters to reconstruct. Thus, given only onegrpental result, the same detection
rate can be explained by different combinations of Sl and &lplings. This is illustrated in Fig. 2
where each of the color shaded area corresponds schetyatichle region in thé gS', o5P) plane
that is compatible with the detection of recoils in one gatir detector, assuming the WIMP mass
is known. The detection of a WIMP in a second experiment withifi@rent target can provide
complementary information with which this degeneracy carpartially resolved, since changing
target implies that also the& coefficients in Eqg. (3.1) are different. Obviously, for tteswork one
needs targets in a large sensitivity to SD interactions. Zagpicts two possible situations: on the
left hand-side we consider an example in which two targegscamplementary and allow a good
reconstruction of both the SD and Sl couplings. This is tleecBor example, if one target is mostly
sensitive to Sl interactions and the other one to SD onesh®right hand-side we show another
case in which complementarity is not present since the appithg regions is not bound from be-
low. This is generically the case when the two targets arelynssnsitive to the Sl coupling, and
therefore is a very common situation.

In Fig. 3 we consider the situation in which a WIMP signal isetved in three experiments for
benchmark point BM2. First we take a germanium and a xenoaregrgnt with the characteristics
of SuperCDMS and XENONI1T. Then we include a hypotheticahttzating bolometer with a
CaWwQ, or Al,O3 target. The blue contours correspond to the reconstructiddM parameters
using only the data from germanium and xenon. As we can obsére contours are not closed
and none of the DM parameters can be determined with a realsomecuracy. On the other hand,
the inclusion of a target with an enhanced sensitivity to $Dptings improves this situation. In
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Figure 3: Profile likelihood for the dark matter parameters for thedienark point BM2 after the combi-
nation of data from SuperCDMS, XenonlT and a bolometricetiai@aWQ and ALO3 from top to bottom,
respectively). The blue lines correspond to the case whnSuperCDMS and XenonlT are used.

the case of CaWgthe WIMP mass and Sl independent cross-section are quiteagehstructed
but only an upper limit can be obtained for the SD componeinially, in the case of a AlO; target
the three components can be identified. The reconstructingipof this method is very dependent
on the actual regions of the parameter space [24].

4. Conclusions

We have studied the effect that uncertainties in the nuggis-dependent structure functions
have in the reconstruction of DM properties by means of tlidetection experiments. We observe
that they can affect the computation of the WIMP mass and $Bsesection and that these effects
can be comparable to those induced by astrophysical umtérta especially in those cases in
which the SD contribution to the total detection rate isdarg

We also introduced the idea of complementarity of dirececln experiments and applied
it to several targets currently under development by the B collaboration. We show how,
when these are used in combination with germanium and xexperienents, some degeneracies
in the determination of the phenomenological WIMP paransetan be removed.
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