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Abstract. The possibility to effectively exploit the directionality of the measured counting rate as a signa-
ture for WIMPs by using anisotropic scintillators is revisited and discussed in some details.

1 Introduction

Both cosmology and experimental observations have indi-
cated the presence in the Galaxy of a dark matter halo,
largely constituted of WIMPs (weakly interacting mas-
sive particles), relics from the big bang, non-relativistic at
decoupling time. These particles can directly be detected
deep underground by a suitable low radioactive experi-
ment investigating their elastic scattering with the nu-
clei of the target-detector. Since they are embedded in
the Galactic halo, their impinging direction is preferen-
tially opposite to the direction of the Earth velocity in
the Galaxy; thus, in principle, the direction of the recoil-
ing nucleus can offer a model-independent signature for
WIMPs [1], named directionality signature in the follow-
ing. In fact, while the nuclear recoils induced by WIMPs
are strongly correlated with the WIMPs’ impinging direc-
tion, the background events obviously are not.

Low pressure TPCs have been suggested to detect
WIMP induced recoils (see e.g. [2]), whose range is typ-
ically of order of pum in solid detectors; however, though
unlikely, a realistic experiment would be limited, for ex-
ample, by the necessity of a great operational stability,
of a very large sensitive volume and of a great spatial
resolution to reach a significant sensitivity. These practi-
cal limitations, which would affect possible experiments
aiming to detect recoil tracks, can be overcome by using
an alternative experimental approach based on the use of
anisotropic scintillators as some of us firstly suggested in
[3]; on this basis some preliminary activities have recently
been carried out by various authors [4,5].

This idea is revisited in the present paper where both
the approach and the related formulae are discussed con-
sidering new details as well as possible reachable sensitiv-
ities.

2 Anisotropic scintillators

and expected signal counting rate

The peculiarity of an anisotropic scintillator, such as an
anthracene and stilbene organic crystal, is the fact that

its light response to heavy particles (p, a, recoil nuclei,
-++) depends on their impinging direction with respect to
the crystal axes. Such an anisotropic effect has been as-
cribed to preferred directions of the exciton propagation
in the crystal lattice which affect the dynamics of the scin-
tillation mechanism [6]. In particular, measurements per-
formed in the past have shown that the light response of
an anthracene scintillator to 6.56 MeV « particles imping-
ing in the direction of the b-axis (a-axis) is 66% (80%) of
the light response obtained when the same particles im-
pinge in the direction of the ¢’-axis (where the light yield
reaches its maximum value) [6] and that, in the measured
energy range, these differences in the light response in-
crease when decreasing the energy [6]. Moreover, it has
also been verified that such an anisotropy is not present
in case of electron excitation. Recently, the light response
to proton recoils in a stilbene scintillator has been mea-
sured [5] to be in the range 0.10 to 0.17 for recoil ener-
gies between 300keV and 3 MeV; moreover, these mea-
surements have shown that the light response to proton
recoils perpendicular to the cleavage plane is ~ 80% of
the light response obtained for proton recoils parallel to
the same plane [5]. Measurements of the quenching fac-
tor and of the anisotropic effect down to tens of keV have
also been reported e.g. in [4], showing an effect still quite
appreciable.

The features of the anisotropic scintillators could be
exploited to investigate the WIMP component in the
galactic halo. In fact, heavy ionizing particles with a pre-
ferred direction (like recoil nuclei induced by WIMP-—
nucleus elastic scattering) could, in principle, be discrimi-
nated from the electromagnetic background by comparing
the low energy distributions measured by using different
orientations of the crystal axes. Let us now quantitatively
discuss the directionality signature by introducing the ex-
pected signal counting rate in case of the WIMP elastic
scattering on the target-nuclei of an anisotropic scintilla-
tor.

Since the detectors are calibrated underground with
gamma sources (see footnote 1 on the next page), a fun-
damental quantity in the calculation of the expected re-
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coil energy distribution is the ratio of the light response
to a recoil nucleus with respect to the light response to
an electron having the same kinetic energy; this quantity
is typically named the quenching factor. In the particular
case of an anisotropic scintillator at rest in the labora-
tory frame having the coordinate axes coincident with the
crystal axes, it can be written as

Qn(gout) = Gn,x sin 7y COS ¢ + Gn,y sin 7y sin ¢
+n, = COS7, (1)

where g, ; indicates the quenching factor value for a given
nucleus (n) with respect to the ith axis of the anisotropic
scintillator crystal; v and ¢ are the polar and azimuthal
angles for the outgoing direction of the nuclear recoil in
the laboratory frame, and {2, is the corresponding solid
angle. This dependence of ¢, on the anisotropic scintil-
lator’s axes induces a dependence also for the expected
signal counting rate in the elastic scattering between a
WIMP with mass myw and a nucleus with mass m,,. Thus,
the expected signal rate, R,,, will depend on the time since
the detector is at rest in the laboratory frame and the ori-
entations of the crystal axes vary with time because of the
motion of the Earth. In particular, it can be written as

dR,

T Eeea t
dEe. (

) = /dBV d2en K [Eee - Qn(‘QOU-t)En]

ds,
_%on 9
O Yo s (2

where (i) E.. is the recoil energy in keV electron equiva-
lent; (ii) v is the WIMP velocity in the laboratory frame;
(ili) e = (u,€) is the nuclear recoil direction in the
c.m. frame with pu the cosine of the scattering angle and
¢ the corresponding azimuthal angle; (iv) (2.4 is related
to? (2, = (cos a, 3), which is the direction of the imping-
ing WIMP in the laboratory frame, and to (2., by the
expressions [1]

cosy = B oeosa— smacos{,
sin~ycos ¢ = E cos Bsina
- 1/ (blnﬂsmg—c%acosﬂcosf)
sinysin¢ = sm asin g3
+ 4/ 2u(cosﬂsm{Jrcosaschos{)
(v)
dm,mw 1 —p

1
En(p,v) = —mwv?

2 (mp +mw)? 2

1 The use of a neutron source in a low background installa-
tion is forbidden by the subsequent activation of the materials

2 Here « is the polar angle in spherical coordinates which
identifies the WIMP direction in the laboratory frame, and /3
is the corresponding azimuthal angle
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is the kinetic energy in the laboratory frame of the nucleus;
(vi)
ds,
d2.,d3v

is the differential interaction rate for incoming WIMPs
with velocity v; (vil) K [Eee — gn(20ut) Frn| represents the
detector response and accounts for its light yield; in par-
ticular, for an ideal detector K would simply be equal to
the Dirac §, while for a real detector with a finite energy
resolution A (the practical case) one gets

1 _ (Bee—an(20ut) En)?
— 2A2
V2rA

In addition, from the expression of the WIMPs’ flux,
d® = L2 |v[f [v + va(t)] d3v (where py is the local WIMP
halo density, f [v + vq4(t)] is the WIMPs velocity distribu-
tion in the galactic rest frame and v4(t) is the detector
velocity in this reference frame), one can calculate the ex-
pected interaction rate for each species of target-nucleus
in a considered detector, dS,,:

K [Eee - qn(Qout)En] =

N, do,,
S, = 0 | [v 4 va] V= d O, (3)
mw

dm
with N,, the number of target-nuclei of the nth species per
mass unit.

Finally, if the differential cross section in the c.m. frame
is assumed to be isotropic, we have f¢n = 2.2 F2(g?),
where (i) 09, is the point-like cross section; (ii) F2(g?) is
a form factor which accounts for the finite size of the nu-
cleus; (iii) ¢? = 2m,, E,; one gets integrating the relation
(2) over an energy window ranging from E; to Fs

w(E1, By, t) (4)
/d3 /dQCmpo =|v|f[v+valt )] w (En)

b
—ef (I

(Qout)En - E2>:|
V2A ’
where, as mentioned above, both FE, and {2, are func-
tions of v and of {2.,,. In case of a multi-atomic species
detector, the generalization of the formulas given above is
straightforward.

3 Some general considerations on v4(t)

Considering the crucial role played by vq4(t) in the direc-
tionality signature, let us preliminarily devote this short
section to its suitable evaluation.

The detector velocity in the Galactic rest frame can be
expressed as: vq(t) = Vit + VLsr + VE(L), where vy is
the rotational velocity of the Milky Way around its polar
axis, visgr is the solar system’s velocity with respect to
the Local Standard of Rest and vg(t) is the Earth’s ve-
locity around the Sun. The direction of the Sun’s velocity
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Fig. 1a,b. The various directions, in the
sky, of the detector Galactic velocity vq(¢)
calculated for the next three years as
viewed from LNGS (42°27'N latitude and
13°10'50”E longitude) in the local horizon-
tal coordinate frame a and in the coordi-
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(Viot +VLsr) can be found from the equatorial coordinates
of the Galactic Center (265.5°R.A.; —28°decl.) and of the
Galactic North Pole (192.25°R.A.; 27.4°decl.); it identifies
a point, P, in the celestial sphere with galactic equatorial
coordinates of 315.8°R.A. and 49.6°decl. The NOVAS rou-
tines [7] allow one instead to calculate the Earth’s motion
around the Sun; the Earth’s velocity identifies a point in
the celestial sphere which has an annual variation with
respect to P.

When instead a laboratory rest frame such as e.g. the
azimuth—zenith horizontal frame is considered, the direc-
tion of vq(t) roughly describes in the sky a circular tra-
jectory centered in the Earth polar axis because of the
Earth’s diurnal rotation, implying a large diurnal time
dependence of the vq(t) direction. As an example, Fig. la
shows the various directions in the sky (identified by the
polar and azimuthal angles ¢, (t) and 6, (t)) of vq(t) calcu-
lated for the next three years as they would be observed at
the Gran Sasso National Laboratory (LNGS) of I.N.F.N.
(42°27'N latitude and 13°10’50”E longitude). However, it
is much more convenient to consider instead an horizon-
tal coordinate frame located at the North pole (described
by the “polar-zenith”, 6,,(¢), and by the “polar-azimuth”,
®pa(t)); in fact, in this case the area in the sky of inter-
est for the calculation of the signal rate is only a strip.
This is well demonstrated by Fig. 1b, which is analogous
to Fig. 1a, but exploits this latter useful coordinate frame.
As it can be seen, in this reference frame the direction of
the |vq(t)| is now confined in the strip: 0 < ¢pa(t) < 2,
34.5° < 0,,(t) < 48.1°. Every point in this strip represents
the mean WIMP arrival direction at a certain t.

In the following discussion we will consider this latter
more convenient reference frame.

4 The anthracene as a directional detector

The traditional anisotropic scintillators which were ad-
dressed in [3] are the anthracene, C14 H1p, and the stilbene,
C14H12, ones. The latter can offer in addition the possi-
bility of a pulse shape analysis of the events, but it would
require a higher energy threshold because of its lower light
response. Thus, in the following we again prefer to discuss
as a practical example the case of the anthracene scintil-

nate frame located to the North pole b. See
text

05 | 1
sing;,

Fig. 2. A schematic representation of the crystal axes of an-
thracene. The quenching factor is maximal in the direction of
the c’-axis, which is perpendicular to the ab plane [8]

lator (one could analogously proceed in the other case).
In particular, in this case the expected number of photo-
electrons/keV is 3 considering that the light response of
an anthracene scintillator is about 17000 photons/MeV;
thus, a threshold of about 2keV can — in principle — be
reached.

A schematic representation of the anthracene crystal’s
axes is given in Fig. 2. Since the “polar-zenith” angle, 0,
is always near 40°, at a certain time of the day (gener-
ally in the morning at LNGS) the WIMPs come mainly
from the top, while 12h later they come near the hori-
zon and from North (see Fig.3). Thus, if a scintillator
with an anisotropic light yield is considered, a suitable
arrangement for such an experiment is to install the set-
up with the detectors’ axis having the largest quenching
factor value (the ¢’-axis in anthracene) in the vertical di-
rection, and with the axis having the smallest quenching
factor value (the b-axis in anthracene) towards the North.
In this way, the behavior of the energy spectrum of the
WIMP induced nuclear recoils diurnally varies and, there-
fore, also the counting rate. In practice, the investigation
can be performed as a function of vq(t).
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Fig. 3. Schematic representation of the experimental approach
mentioned in the text. The anthracene detector is placed ide-
ally at LNGS with the ¢’-axis in the vertical direction and the
b-axis pointing to the North. The area in the sky from which
the WIMPs are preferentially expected is highlighted
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Fig. 4. Example of the expected signal counting rate of WIMP
induced nuclear recoil in an anthracene detector for a WIMP
flux mainly impinging along the ¢’-axis and along the b-axis, re-
spectively. In this example the WIMP mass has been assumed
to be 50 GeV, the WIMP-proton cross section to be 3-107° pb
and the model framework to be the one given in the text

In the following, to perform the calculations needed
to investigate the features of a possible experiment with
anthracene detectors, the quenching factor values for the
d-axis qg» = 0.2 and ¢¢ = 0.1 have been considered,
as well as the ratios % = 1.23 and = = 1.52 (these
latter ones have been assumed equal for the two atomic
species) [6].

At this point, a model framework has also to be fixed;
this is identified not only by general astrophysical, nuclear
and particle physics assumptions, but also by the set of
parameter values (such as WIMP local velocity, vg, form
factor parameters, etc.) used in the calculations. In the
following, for simplicity, we will follow a frequently consid-
ered simplified approach fixing a set of assumptions and of
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values, without considering the large effect of the existing
uncertainties on each one of them; obviously, the reader
should keep in mind the large uncertainties consequently
associated to the presented results.

We preliminarily note that the contribution to the dif-
ferential energy spectrum due to WIMP-hydrogen elas-
tic scattering is negligible because of the relative small
mass of the hydrogen nuclei. This implies also that the or-
ganic scintillators are substantially non-sensitive to spin-
dependent (SD) coupled WIMPs since natural C has only
1.11% of odd spin isotopes. Therefore, in the following
only the particular case of WIMPs with dominant spin-
independent (SI) coupling will be considered. The results
will be given in terms of the WIMP elastic cross section
on a proton, o,, assuming for the scaling law from the
WIMP-carbon elastic cross section, ¢, the following re-

lation:
2
)

— o (Mt mwW mc
P mc+mw My

Mg
gc = 0p < red
Mp

2
).
Here Mged (M;ed) is the reduced mass of the carbon

(proton)-WIMP system. Moreover, for simplicity we will
assume here e.g. (i) a simple exponential form factor:

_EBn 0)?
F2(E,) = e Fo with By = 2 3 and ro = 0.340.91 /iy,

2map T

(ro is the radius of the nucleus in fm when m,, is in GeV);
(ii) a simple spherical isothermal WIMP halo model?, giv-
ing

(5)

2

1 _ |Vg2|
f(vg) = 773/27}86 0 Q(Uesc -

where ve is the escape velocity of the Galaxy (here as-
sumed equal to 650km/s), vy is the WIMP local velocity
(here assumed to be equal to 220km/s) and v, is the
WIMP velocity in the Galactic rest frame; © is the Heav-
iside function.

For this given model framework the signal counting
rate expected in an anthracene detector, considering al-
ternatively the cases of ¢’-axis and b-axis parallel to the
Earth velocity, has been calculated as an example for a
WIMP with mw = 50GeV and o, = 3 - 10 5pb; it is
shown in Fig.4. Since the number of particles is a con-
stant, the two energy distributions have a cross point; for
this reason, depending on the considered energy window,
the effect which allows one to point out a variation of the
counting rate with respect to the crystal orientation can
be positive, negative or — unluckily — null. This points out
the general relevance of considering the differential energy
spectrum in the data analysis.

3 We recall that the spherical isothermal halo model — gen-
erally considered in this field — cannot be the correct one since
it implies both a singularity in the center of the Galaxy and an
infinite mass. More refined models exist, like those discussed
e.g. in [11]. Obviously, the use of a more realistic halo model
will modify the results; nevertheless considering this as a tuto-
rial discussion, we maintain here this simplified description
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Fig. 5. Example of the expected rate, in the 1-2keV and 3-4keV energy windows, versus the detector’s (or Earth’s) possible
velocity directions. As in Fig. 4, this example refers to the particular case of a WIMP mass assumed to be equal to 50 GeV, a
WIMP-proton cross section assumed to be equal to 3 - 107% pb and a model framework assumed to be as given in the text. As
previously explained, there is a strong dependence on the “polar-azimuth” (¢pa) that induces a diurnal variation of the rate

5 Reachable sensitivities

On the basis of the model framework given above, we have
calculated for some cases the effect achievable when ex-
ploiting the WIMPS’ directionality signature by the present
approach using the schematic configuration of Fig. 3. The
result is shown in Fig. 5, where an example of the depen-
dence of the expected rate on the WIMP arrival direction
with respect to the crystal axes is given; a clear depen-
dence on ¢, (which gives the observed rate of diurnal
variation because of the Earth’s daily rotation) is present.
In particular, the behaviors expected in the 1-2keV and
in the 3-4keV energy windows are depicted there for the
considered case; they show opposite signs of the rate vari-
ation amplitude than the possible case mentioned above.

We comment that convenient parameters for the data
analysis are the amplitude of the diurnal rate variation,
A,,, whose absolute value is defined as the semi-difference
between the maximum and the minimum rate value, and
the mean value of the rate, Ay, in the considered energy
window.

This WIMP directionality signature is potentially very
effective; however, in the practical realization we have sug-
gested here, the effect’s results are of the same order of
magnitude as the one induced by the WIMP annual mod-
ulation signature based on the annual rate modulation in-
duced by the Earth revolution around the Sun [10,11].
In Fig.6a the absolute value of A,, is superimposed on
the amplitude of the annual modulation signature, both
calculated, as an example, again assuming a WIMP mass
equal to 50 GeV, a WIMP-proton cross section equal to
o, = 3-107% pb and the model framework and experimen-
tal features given above. In Fig.6b the energy behaviors
of the ratio R = A,/ Ay, for four WIMP mass values are
shown. In the range of a few keV the variation of the
rate due to the directionality signature is about 10%; it
increases at higher energy, but the absolute value of the
rate significantly decreases as well.

Let us now give an indicative evaluation of the sensi-
tivity achievable when the signal over noise ratio is larger
than n, (with n, equal to the required number of standard
deviation for the signal; in the following, the considered
confidence level is 90%) by means of the following relation
between o, and mw (through A,, and Ao):

Am(op,mw) > no_\/z ) [AO(UP5mW) + b]

My -T-AFE
Here (i) AFE is the considered energy window; (ii) M is
the anthracene target-detector mass; (iii) 7' is the run-
ning time; (iv) b is the time-independent background?. In
the following calculations they are assumed to be Mp =
500kg, T = 10y and b = 10~*cpd/kg/keV. Moreover,
the calculations are performed in the given model frame-
work by considering bins of 1keV up to 10keV and two
different energy thresholds. A typical energy resolution,

— 09 has ‘ L
c/E = Tk has been used. The regions explorable

(at 90% C.L.) by the directionality signature for the given
model framework are shown in Fig. 7a. However, although
relatively good sensitivities are reported in Fig.7a, the
feasibility of such an experiment would present several
practical difficulties requiring the use of a very large num-
ber of small anthracene detectors as well as the neces-
sity of a new special development to create efficient, small
size, high gain, highly radiopure scintillation light collec-
tor devices. Thus, it appears more suitable to pursue new

(6)

4 For the sake of completeness, we mention that the DAMA
low background Ge detector has measured deep underground
in the Gran Sasso National Laboratory of I.N.F.N. the residual
standard radioactive contaminants in a commercial anthracene
crystal. The obtained results are limits at 95% C.L.: < 30 ppb
of 238U, < 7ppm of "*K, < 3.7-107'° ppb of *°Co. Thus, this
can be considered the present starting point for low background
developments. Obviously, to reach a well reduced background
level, the “C residual contamination at least at the level of
the requirements of the Borexino experiment [9] would be nec-
essary
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Fig. 6. a Example of the comparison between the rate of the diurnal variation induced in an anthracene detector by WIMP
flux directionality and the corresponding annual modulation effect in the particular case of a WIMP mass assumed to be equal
to 50 GeV, a WIMP-proton cross section assumed to be equal to 3-107% pb and of the model framework given in the text. In
this experimental realization the magnitude of the two signatures would be similar. b Energy behaviors of the relative variation
amplitude R (see text) for various mw; the large value of R at higher energy is not useful in practice because of the significant
decreasing of the A,, and Ay values
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Fig. 7. Sensitivity (90% C.L.) reachable with the directionality signature in 10y of running — provided a time-independent
background b = 10™* ¢cpd/kg/keV and a SI coupled WIMP — for 2 and 6 keV energy thresholds in the simplified model framework
given in the text when a using 500 kg of anthracene; b using 500 kg of an hypothetical high atomic weight (A = 140) anisotropic
scintillator; the interest in trying to develop a high A anisotropic scintillator is evident. In this way, the DAMA /Nal model-
independent annual modulation evidence for a WIMP component in the Galactic halo [10,11] could be further investigated for
the particular case of a purely SI coupled WIMP. We recall that a SI candidate with mass up to ~ 270 GeV and cross section on
a proton down to ~ 1077 pb (given the assumed scaling laws, form factors and parameter values) is allowed by the DAMA /Nal
data when accounting for different possible Galactic halo models [11]; a further extension is expected when accounting for the
other existing uncertainties on astrophysical, nuclear and particle physics assumptions and parameters

devoted R&D’s to develop anisotropic scintillators hav-
ing significantly larger sizes, higher light responses, higher
atomic weights and anisotropy features similar to or bet-
ter than those of the anthracene scintillator. In case of
success, the improvement in sensitivity shown in Fig.7b
could be reached (the energy resolution has been assumed
there, for simplicity, equal to that of the anthracene case
and the atomic weight, A, equal to 140)5. Thus, prelimi-

5 We note that the shape of the sensitivity curves given in
Fig. 7 depends on the lack of sensitivity already shown in Fig. 6

nary experimental efforts to develop new anisotropic scin-
tillators are under consideration. Moreover, we also note
that — in principle — a similar set-up could allow one to
explore two distinctive signatures for WIMPs: the annual
modulation [10,11] and the directionality signatures [1,3],
offering an obviously increased sensitivity when they are
at the same time exploited by a suitable likelihood anal-
ysis of the experimental data. This could allow one to

for a single 1keV bin, which is however partially recovered by
the contributions arising from the nearer bins
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further investigate the nature of the WIMP candidate for
the DAMA /Nal WIMP model-independent annual modu-
lation evidence [10,11] at least for some model frameworks
and a WIMP interaction type.

6 Conclusion

In this paper the possibility to exploit the directionality of
the measured counting rate as a signature for WIMPs by
using anisotropic scintillators — as we firstly suggested in
[3] — has been revisited. Emphasis has been given to the
methodological approach and reachable sensitivities in a
particular given model framework. Technical difficulties
and interests for devoted R&D have been mentioned.
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