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Angular sensitivity can provide a key additional tool which might allow unambiguous separation of a signal
due to galactic halo WIMPs from other possible backgrounds in direct detectors. We provide a formalism that
allows a calculation of the expected angular distribution of events in terrestrial detectors with angular sensi-
tivity for any incident distribution of galactic halo dark matter. This can be used as an input when studying the
sensitivity of specific detectors to halo WIMPs. We utilize this formalism to examine the expected signature for
WIMP dark matter using a variety of existing analytic halo models in order to explore how uncertainty in the
galactic halo distribution impact on the the event rates that may be required to separate a possible WIMP signal
from terrestrial backgrounds. We find that as few as 30 events might be required to disentangle the signal from
backgrounds if the WIMP distribution resembles an isothermal sphere distribution. On the other hand, for
certain halo distributions, even detectors with fine angular resolution may require in excess of a 100—-400
events to distinguish a WIMP signal from backgrounds using angular sensitivity. We also note that for finite
thresholds the different energy dependence of spin-dependent scattering cross sections may require a greater
number of events to discern a WIMP signal than for spin independent interactions. Finally, we briefly describe
ongoing studies aimed at developing strategies to better exploit angular signatures, and thé\Jmmlyf
simulations to better model the expected halo distribution in predicting the expected signature for direct WIMP
detectors.
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[. INTRODUCTION pected signal will have an angular dependence characteristic
of this velocity relative to the incident WIMP halo phase
The effort to directly detect galactic halo weakly interact- space distribution.
ing massive particle$WIMPs) which may form the dark For a simple isothermal sphere distribution, the resulting
matter dominating our Galaxy is now entering a new phaseangular differential rates can be easily calculd@l and it
Numerous experiments are now operating with a sensitivitys clear that a large forward-backward asymmetry can be
to scattering cross sections in the range predicted for lowproduced. However, it is quite likely that the actual Galactic
energy supersymmetriCSUSY) neutralinos[1-3|, and in- halo WIMP distribution is not well represented by such a
deed one such experiment has claimed a preliminary detesimple analytical approximation. Building detectors with an-
tion [4]. gular sensitivity is a daunting challenge, although testing of
There is a problem, however, with existing detectionat least one such proposed detector, the DRIFT detector
schemes, which the controversy over the recent DAMA re{7,8], is currently underway. It is therefore appropriate to
sults[2] underscores. The signature for elastic scattering oéxplore in advance to what extent uncertainties in our knowl-
WIMPs on nuclear targets involves the observation of whaedge of a halo WIMP distribution will have on the detector
is essentially excess noise in the detector. Thus, in order tparameters required required to separate a WIMP signal from
definitively establish a positive detection, one has to conother backgrounds.
vincingly demonstrate that this excess noise is indeed WIMP Recently we outlined a comprehensive formalism that al-
induced, and not due to some unexpected terrestrial backews the generation of expected angular event rates in terres-
ground. The signature focused on by the DAMA collabora-trial detectors with angular sensitivity for any incident
tion, an annual modulation due to the Earth’s orbital motionWIMP distribution, and made a provisional exploration of
through the WIMP halo, is problematic in this regard. In thethe overall event rates required in detectors for simple halo
first place, the effect is small, at the few percent level at besiodels in order to separate the signal from a flat background
[5]. In addition, numerous radioactive backgrounds arg9]. Here, we follow up by providing a detailed derivation
known to modulate over the course of a year. and description of our results, and also by incorporating a
The Earth’s motion around the Sun, combined with themuch broader spectrum of analytical halo models. In addi-
Sun’s motion around the Galactic disk, can however providdgion, we also make a provisional analysis of the possible
another, much larger and more unambiguous signature. Hffects of the spin dependence of WIMP-nucleon cross sec-
detectors can be developed that are sensitive to the directidions on the resulting angular signatures. Finally, we briefly
of recoil of the nucleus impacted by a WIMP, then the ex-describe ongoing work aimed at incorporating more realistic
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b Scattered WIMP

FIG. 1. Geometry of a WIMP scattering
event. Here a WIMP is incident at an angle
(a,B) in the laboratory frameshown on the
z right). The WIMP hits a nucleus originally at rest
that recoils at an angley(¢) in the laboratory
VSun frame. The velocity of the Sun through the Gal-
axy defines the axis in the laboratory frame.
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WIMP distributions arising fromN-body simulations into The event rate of WIMPs depends on their local density,
our analysis, and applying our results to various specific prop,, and their velocity distribution in the haldé(v). Assume
posed detectors, where the energy dependence of both sitdte WIMPs have a uniform spatial density on the scale of the
nals and backgrounds may play a key role. Our present re=arth’s motion through the halo over the course of one year.
sults, however, point out the challenges of discerning armhe event rate is then simply given by

angular signal in advance of specific knowledge of the halo

WIMP distribution. In addition, the formalism provided here no

can be used to generate angular event rates which can in turn R~ —(v), )

be used by experimental groups as an input into their detec- m,

tor Monte Carlo analyses.

The outline of this work is as follows: FirSt, in Sec. ”, we Wheremn is the mass of the nuclear targHtX is the mass of
present a detailed derivation of the differential angular crosgne WIMP,n=p,/m, is the number density of WIMPs; is
sections in a terrestrial laboratory frame for any incidenthe cross section, anfv) is the average velocity of the
WIMP distribution. In Sec. Il we discuss a broad range of\y|mPs relative to the detector.

different analytical halo models that have been proposed in consider a WIMP of massn, moving with velocity v

the literature, and outline the relevant parameter ranges oiv(;( sinacosB+ysinasinB+2cosa) in the laboratory

importance fqr influenc_ing the_ resulting an_gular signature forframe(Fig. 1). Let this WIMP scatter off a nucleus of mass
WIMP scattering. In this section we also incorporate effectsmn in the direction ¢*, £) in the center-of-mass frame. The
of the detailed motion of the Earth in a Galactic rest frame, . .

. ) ) . ‘recoil energy of the nucleus is
and also examine the effect of incorporating the possible spin
dependence of WIMP-nucleus scattering on the resulting an-
gular signals, as well as briefly outlining the generic detector mnmf(
and WIMP parameters we used in generating our results. In Q= —202(1—,%), 2
Sec. IV we present the results for the expected angular dis- (My+m,)
tributions in these model detectors. In Sec. V we then pro-
ceed to describe the Monte Carlo analysis we performed tQhere ,=cos#*. Let u=u(x sinycosg+ysinysine
determine the required event rates in order to separate Signaj?’zcos ) be the recoil velocity of the nucleus in the labora-
from backgrounds for the different halo and detector models Y y

In Sec. VI we summarize our conclusions, and describe ont—Ory frame (Fig. 1). To determine the relations among these

oing efforts to further refine our analyses and predictions sets of angles we begin by considering the simplified scatter-
going y P "ing problem of a WIMP incident along theaxis. We can

then rotate this result for an arbitrary WIMP incident at an
Il. DIFFERENTIAL EVENT RATES angle (,B) to find (in the non-relativistic limit

The WIMP rate as a function of recoil energy for various I o
WIMP models has been carefully studied over the past de- _ M Mo
i cosy= 1/ cosa— \/ sina COS¢,
cade(see[1] for a review. The angular dependence of the Y 2 « 2 @ €0s§
event rate, assuming an incident spherically symmetric iso-
thermal halo WIMP distribution has also been discussed I
[6,10]. In order to explore a more general class of halo dis- _; _ M
T . . ; . . sinycos¢= \/—=—Sina cos
tributions, in particular those which might not be spherical, Y cos¢ 2 a Cosp
these formalisms are not adequate, however, and one must

generalize thenj9]. We present the derivation of such a e .
generalized formalism here. 2 (sinf sing—cosa cosp3 coss),
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1 only consider the projected motion of the Earth along the
sinysing= 5 sinasing Sun’s velocity, it can be evaluated analytically.

In this work we are most interested in the angular depen-

1+pu dent event rate which is found to be
+ T(cosﬂ siné+cosa sinB cosé).
dR__ _gopo f v3dv FA(Q(v,9))
©) dQ,, mmm,J, ’
Notice in the limit of (&, 8)— (0,0) this reduces to the usual
two dimensional result. XJ dQ, sf(v,a,8)I(a,B;y,4)0J). (10)
To remove the dependence on the center of mass angles
we note that Here® (J) is the usual step function ardds the geometrical
o+ 1 factor discussed above E@) that relates the incident WIMP
Sin— = / e |cosy cosa+siny sina cog S— ¢)| direction to the recoiled nucleus direction.
2 2 We can further derive the event rate as a function of both

(4 the deposited energy and the recoil angle:

and the Jacobian

dZR _ anOpo FZ(Q)
‘&(cos«y,d)) 1 [ 2 © dQdQ,, 8mmim,
Apm,é) | 4 NV1-pw o)
Next, to simplify subsequent formulas, we define a geometri- X f dQ, s f(U(QJ),a,B)T' (12)

cal factor,J, by

In principle this would provide the most information allow-
ing for the best separation of signal from background. Note,
I, é) | however, that in order to fully exploit this signature some
6) detector-specific estimation of the energy dependence of
various backgrounds must be given.

Physically the last expression cannot be negative since a col- N this work we will focus on the angular event rate,
lision as it is defined can only produce a recoil in the forwardWhich does not require knowledge of the specific energy de-
hemisphere. In the expressions for the event rates below weendent detector backgrounds in order to explore the separa-
explicitly include a step function fod to enforce this re- tion of signals from backgrounds. Exploiting the full distri-
quirement. With this information we can now write the eventPution for various proposed detectors will be analyzed in
rates solely as a function of the incoming laboratory angleuture work.
(a, B) and the recoiling laboratory angle/( ¢).

The event rate per nucleon in the detector is given by ll. MODEL PARAMETERS

u-v  1|d(cosy,¢)| *
J(a,ﬁ;7a¢)5|u||v|=z‘ e ‘

=CO0Sa COSy+Sina siny cog B— o).

dé Armed with the above differential event rates we can now
5—. (7))  analyze a wide variety of halo models, form factors, WIMP
2

parameters, detector parameters, etc. Here we will discuss
Here we will assume the nucleon-WIMP scattering has thdéhe parameters considered in this study.
form

do
dR=f(v,a,B)v3dv d(cosa) dﬂmd/.l,

A. Halo models
d—Uz ﬂFZ(Q), (8) A standard spherically symmetric isothermal sphere re-
du 2 produces the large scale features of the flat rotation curves
where F2(Q) is the form factor ands, is energy indepen- around galaxies. However, numerous dynamical arguments
dent. The number of events in which a nucleus recoils Withsuggest t.hat' act'ual halo model may not be well described by
energyQ is such a distribution. As a result, a variety of more comple>_<
analytical models have been developed. The models we dis-
) cuss here can be considered to be of three types: smooth
FZ(Q)J “% dvf dQ, sf(v,a,B), (9) axisymmetric, smooth triaxial, and clumped. The first type
includes a standard spherical isothermal WIMP halo, as well
as a modified axisymmetric halo, both rotating and non-
wherev,is the escape velocity of the Galaxyy;,=[m,  rotating. Most recently a general triaxial generalization of the
+ mn)2/2m)2(mn] Q is the minimum incident WIMP velocity spherical isothermal halo has been developed. As an example
that can produce a nuclear recoil of enerQy and m, of the last type of halo model, which ultimately should in-
=m,m,/(m, +m,) is the reduced mass. This formula is clude realistic halo distributions arising from accretion of
well known and, in the case of an isothermal model when wesub-systems by the growing galaxy, we consider a caustic

dR _ O0Po
dQ 2m?m,

Umin
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model recently developed by Sikivet al. While all of these lipsoidal potential: the simplest triaxial model and a natural
models are analytic approximations, they do represent generalization of the isothermal sphere. In this case we can
broad spectrum of different possibilities, which should giveapproximate the velocity distribution as
some idea of the range of uncertainty in the predicted angu-

lar distributions in detectors. 1 ex;{ vf v§ v§

(15

fv)=—5
ooy,

1. Isothermal model

A simple spherically symmetric isothermal distribution is When the Sun is on the long axis of the ellipsoid we have the
given by relations

2 2 -2
Vo vo(2p~°—1)
e_|V\2/vS (12) 0'>2( 2

3 ' Tty g oD’ ) 2p trg A1)

Here (v?)?=\[3/2v, is the dispersion velocity of the dark _2_ v5(29 *-1)
matter in the halo. Note that we can allow different disper- £ 2(p7%+q2-1)
sions in each direction but will not pursue that option further.

The standard value chosen fgg is 220 km/s. We will con- When the Sun is on the intermediate axis of the ellipsoid we
sider the range of values,=150 km/s, 220 km/s, and have the relations

300 km/s here.

(16)

- vop ,  va2-p?
2. Axisymmetric halo model UX_(2+ y(1+q 2-p73’ Uy_2(1+q’2—p*2) '
The Evans moddll1] is an axisymmetric halo model that
allows for flattening. This model has been studied in the v3(2q7%2-p~?)
context of annular modulations by Kamionkowski and Uz:m-
Kinkhabwala[12]. The distribution function is given by

(17)

Herep and g describe the axis ratios of the ellipsoid=€q

1 5 =1 is a spheroigdand y describes the anisotropy & 1 for

f(v)= E[ARo(U cosatvg )+ B] a spherg We will consider the cases whepe=0.9 andq
=0.8 for both positions of the Sun. We will also consider

- w22 C 5 2 vy=—1.78(radially anisotropit and y= 16 (tangentially an-
xe 2T ger e, (13 isotropig.
where 4. Galactic infall: Sikivie caustic model
The caustic model is based on the work of Sikivie and
5\521_ g2 5> R collaborators[14]. It is derived from the assumption that
A= <_) _q, B= \/:_C WIMPs continuously fall into our Galaxy from all directions.
w quvg ™ Gvg The WIMPs only get thermalized after many passes through
the Galaxy. Thus the WIMP halo of our Galaxy should be
20?1 made up of a thermalized core described by an isothefonal
C:q—’ D=R2+R2, similar) distribution plus a set of inflowing and outgoing
47Gq?vg peaks in velocity space with the distribution function given
by
W =v,sinacosB+vysinasinf+v,coxy, (14

_ o _ f(v)=2 p;jd(v—v;). (18)
R. is the core radiusR, is the distance of our solar system ]

from the center of the Galaxy, is the circular speed at
large radii, andj is the flattening parameter ranging fram
=1 toq=1/1/2. In this work we adopR.=7 kpc, R,=8.5
kpc, andv =220 km/s. The most important parameter is the
flattening,q. Here we choosg= 1 (cored isothermal modgl
0.85, and 142 (maximum flatteniny

Herej sums over the velocity flowgy; is the density in each
flow, andy; is the velocity of each flow. The peaks for one
such model are given in Table I. Notice that there are two
flows for each velocity peak. In this model the total local
density of WIMPs ispy,=0.52GeV/cm and the first 14
peaks are not thermalizéd6] From Table | we findoausiic
=0.34GeV/cm. Thus 65% of the WIMPs are in the form of
velocity flows and the remaining 35% are in the form of a

Constructing velocity distributions from general triaxial thermalized distribution. For simplicity we will choose the
halos is a difficult problem. Evans, Carollo, and de Zeeuwstandard ¢,=220 km/g isothermal model for the thermal-
[13] have provided such distributions for the logarithmic el-ized distribution.

3. Triaxial halo models
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TABLE I. Velocity flows of dark matter from the caustic model wherev =220 km/s is the velocity of the Sun in the frame
(for h=0.75, €=0.28, j;ma=0.25 Sikivie model[15]). Velocities  of the Galaxy,t is measured in days, artg~153 days(2

are given in the rest frame of the Galaxy. June is the day when the tangential component of Earth’s
- s 5 - velocity is a maximum with respect to the direction of the

Flow p Ux Uy Uz Sun’s motion around the Galactic center. The numerical co-

1 0.4 +600 0 140 efficients reflect the 60° tilt of the Earth’s orbit.

2 0.9 +500 0 250 The distribution functions above are given in the rest

3 20 +305 0 350 frame of the Galaxy. .In the laboratory franiest frame of

4 6.1 +240 0 440 the Earth we must shift them a$(v+vg).

5 9.6 0 +190 440

6 3.0 0 +290 355 C. Form factor

7 1.9 0 =330 295 In WIMP-nucleus scattering, a form factor is incorporated

8 1.4 0 +350 250 into the cross section, as described above, to account for the

9 1.0 0 +355 215 loss of coherence over the nucleus for large momentum

10 1.1 0 +355 190 transfers. The appropriate specific form factor is, of course,

11 0.9 0 +355 170 nucleus dependent. However, for the purposes of this analy-

12 0.8 0 +350 150 sis we utilize several reasonable analytical approximations

13 0.7 0 +345 135 which are appropriate in the case of either spin-dependent or

14 0.6 0 +340 120 spin-independent scattering, as described below. For a more

detailed discussion s¢é].

4n units of 10 2 g/cnt.
®n units of km/s. 1. Spin independent

Here the WIMP couples to various quantum numbers of

Most recently a number of groups have begun to numerithe entire nucleus. The standard form fack#(Q), for such
cally investigate the growth of our Galactic halo via accre-nclear interactions is the Woods-Saxon form factor. In this

tion in N-body simulations. While we plan to incorporate \york we will consider the simpler exponential form factor
these results into a future analysis, it is worth stressing that

while the model of Sikivieet al. is undoubtedly an idealiza- F2(Q)=e ¥ (20)
tion of the actual hierarchical accretion process, the resulting

distribution, containing a thermalized background plus sevsince it is easier to work with analytically and it produces
eral different unthermalized velocity flows, may share SOM&ualitatively similar results. Her@0=3/(2mnr§) and

qualitative features of th&l-body distribution, even if it is =0.3+0.98/m. is the radius of the nucleu@ fermi when
not likely to agree in detail with these results. It thus pro- }s in Cew .
N :

vides one tractable example of the complexity that might
actually characterize the real galactic halo, and can usefully
demonstrate some of the possible implications of phase

space flows for signatures in WIMP detectors. The energy dependent component of the form factor for
an axial vector interaction is given by

2. Spin dependent

B. Motion of the Earth F2(0)<S(0) =a3Sod @) + 1S11(@) + @021 Son(@).  (21)

In previous analyses components of the Earth’s velocity
perpendicular to the plane that the Sun orbits the center dflerea, (a;) represents the isoscal@sovectoj parameter-
the Galaxy were ignored. When working with an isothermalization of the matrix elemengy,, S;;, andSy; are obtained
model and considering either the total number of events ofrom detailed nuclear calculations. In this work we will pa-
the annular modulation, the use of solely the velocity com+ameterize this energy dependent part using exponential
ponent in the plane is sufficient. However, since we are infunctions for analytical ease.
terested here in angular effects due to halo models that need For the purposes of our calculation we choose germa-
not be spherically symmetric, it is necessary to use the comium. While it is not likely that this material will in fact be
rect velocity of the Earth. Thus the fact that the Earth’s orbitused in direction-sensitive detectors, it has the virtue of be-
is tilted by approximately 60° from the galactic plane will be ing a mid-range nucleus with sensitivity to axial couplings,
important. In the frame of the Galaxy the Earth’s motion isand has been well studied. Without specific candidates for

given by directional detector targets it thus seems a reasonable first
) step, in order to get some idea of the possible changes in
Ve x=0.13osin 2m(t—tp)/yr], signature for spin-dependent vs spin-independent interac-

tions. For germanium, we find

Ve y=—0.1lvycog 27 (t—t,)/yr],
®,y ocog 2m(t—t,)/yr] Sed q)=0.203181.1022e~ 7469 + a2~ 8859

Ve 2= 0o{1.05+0.06c0627(t—t,)/ yr]}, (19 —2.09%a,e 81%Y), (22)
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where y=[(1fm)|q|/2AY6])? and is valid fory<0.2 [16].  lie in the 0.1-0.4 range and thus our choice of the measured
For a WIMP that is a pureB-ino the couplings area,  Ge quenching factor is also relatively generic.

=0.08Z, anda; =0.27&, when the European Muon Col-

laboration values for the spin content of the nucleons are F. WIMP parameters

employed. For our purposes in this wofk is an energy
independent, overall scale factor. 9d®] for a more thor-
ough discussion 08ge.

Throughout this work we focus on the shape of the
nuclear recoil distribution. Thus, as emphasized above, we
do not focus on the overall event rate normalization. This
quantity depends on specifics of the halo density, the WIMP
mass and couplings, the target nucleus, detector size, type of
To allow for a rotating halo we employ the standard tech-interaction, etc. The key point is that when modeling a spe-

D. Rotating halo

nique from Lynden-Bel[17]. Let cific detector this normalization will be essential, but in order
to explore generic features of the angular signature of

f(v,a,B), O0<a<wl2, WIMP-nucleus scattering, it is not important.
fi(v,a.p)= 0, 72< a<, (23 As noted above, the mass of the WIMP affects both the

normalization and shape of the nuclear recoil distribution.
and Thus, the results remain identical if one appropriately scales
both target nucleus and WIMP mass. In this work we will

t(v,a.f)= 0, O<a<wi2, (24) considerm, =60 GeV as our standard WIMP mags mass
R f(v,a,B), wR2<a<m. matches well with the germanium targeige=73 GeV. In
) S o some cases we Wwill also show results fog=180 GeV to
Then the rotating distribution function is given by show how the mass of the WIMP affects the results. The
fa(v,a,B)=(1+K)f, (v,a,8)+(1—K)f_(v,a,B). results we present should thus be considered to be appropri-

(25) ate to a WIMP whose mass matches well with the target
nucleus mass or, in some cases, greatly exceeds it.
Note that this definition does not change the normalization or

dispersion of the distribution function{fg)=(f) and IV. RESULTS
(v?fr)=(v?f), independent ofc. When k=0 we recover _
the original distribution function. _The calculations oflR/dQ) were performed on a 4040
To generate a halo with a particular average velocity wedfd in the (cosy,¢) plane. They were calculated in 5 day
note that bins and summed over the year. By summing over the year
we average out any annual modulations in both the signal
2v, and the background. Furthermore, we are implicitly averag-
(vig)=—=«k. (26)  ing over the day in which time the detector rotatatong
Vm with the Earth by 27 with respect to the direction of mo-
Thus when(v fr) = v, we find thatk= /2. tion. Thus any angular dependent backgrounds, due to, for

example, hot spots in the detector, will also be averaged out
(at least for the component in the plane of motion of the
Earth and the probability of a background induced nuclear
As mentioned above we choséGe as our prototypical recoil is uniform in angle when averaged over the year, with
nuclear target. Germanium has both scalar and axial vectaespect to the direction of the Earth’s motion around the Sun.
interactions with WIMPs, and thus serves as a good base line
for probing the dependencies in the angular distribution.
Throughout, we assume that 25% of the recoil energy is in
the detected channéjuenching factor of 0.25). The detector ~ The angular distribution for the isothermal model with
thresholds quoted below have taken this into account. Bothp=220 km/s is shown in Fig. 2. Notice the exponential
argon and xenon have been discussed as likely targets indcay in cos in the forward direction and the independence
time projection chamber such as DRIFS]. There are ex- of ¢. The reason for the decay in the forward direction is
perimental difficulties with using argafit is naturally radio-  simple. The Earth is moving through this WIMP halo, and
active) and little is known about xenon gdim particular its  thus more WIMPs are incident from the forward direction
form factop. Thus we will not examine these targets in detailthan the backward direction, and thus nuclei are preferen-
at this time. tially scattered backwards. This exponential decay would
Note that for our purposes the choice GGe as target is lead to an easy statistical separation of signal events from
somewhat arbitrary. Since the normalization of the overallflat) background events as discussed below. To examine de-
WIMP-nucleus scattering cross section is not relevant for oupendence on threshold we pldR/dQ) for ¢=0 for a num-
discussions, the chief distinction between choosing differenber of different threshold energi€big. 3). As we increase
target nuclei will be the kinematic dependence on WIMPthe threshold the backward scattering peak in the distribution
mass vs target mass, and possible alterations in the spillecomes more pronounced in relation to the rest of the dis-
dependent form factor parameters. For most materials beinigibution, making it more easily distinguishable fromniftat)
used for dark matter detection, quenching factors generallpackground. However, as is also evident from the figure, as

E. Target nucleus

A. Angular distributions
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FIG. 4. The angular distribution of nuclear recoil events,
¢ 0 A ’ cosy dR/d(}, for the isothermal and Evans halo models wiilk-0 Ey,
=0 keV as a function of cog. The Evans model witlg=1 is not

FIG. 2. The angular distribution of nuclear recoil events, shown since it is nearly identical to the isothermal model wigh
dR/dQ, for an isothermal halo model. Hemg,=220 km/s and =220 km/s. There are two curves shown for thg=220 km/s
E»n=0 keV. isothermal model: one fom, =60 GeV (solid line) and the other

for m,=180 GeV (dash-dotted line The Evans model wittg

we increase the threshold the total number of events de=0.85(dashed linfandq=1/y2 (long-dashed—short-dashed line
creases. These two effects will be discussed below. are also shown. Finally the corotating modabtted ling is shown.

The angular distributions for a number of isothermal, axi-See the text for more details.
symmetric and rotating models are shown in Fig. 4. Here we
plot dR/dQ) as a function of cogfor ¢=0 andE;,=0 keV. of parameters to distinguish from background is seen in
The two solid curves for the,=220 km/s isothermal model panel(a) since it looks the most similar to a flat distribution.
are for two different WIMP massesp, =60 GeV andm, The rest of the models look more like the isothermal distri-
=180 GeV. All of the curves are normalized so tiit1.  bution[panels(b)—(d)] and will be easier to distinguish from
As can be seen from the figure all of the models are similathe background.
in shape(at least atE,=0 keV). Thus we do not expect a The angular distribution for the caustic model is shown in
large variation in the number of events required to identify aFig. 6. Here both the pure caustic and a caustic with isother-
WIMP signal as we will discuss later. On the other hand, itmal component are shown. Notice that the pure caustic
also means that it will be difficult to distinguish between model is peaked in the forward directi¢apposite the other
different halo models based solely on this information. models and falls off more slowly. This is because we are

The angular distribution for the triaxial model is shown in located near a caustic and WIMPs are preferentially catching
Fig. 5. Here there is a panel for each set of parameters. Thigp With the Sun as it moves through the Galaxy, so more are
shows how much the rate can vary even in a single moddncident from behind than from the forward direction. There
depending on the parameters. The most difficult combinatiogre also a number of small features in thelirection. When
combined with thevy=220 km/s isothermal model the dis-
tribution flattens greatly. This makes is more difficult to dis-
tinguish from a flat background than the other models.

0.2

0.15

B. Signal identification

To determine the number of signal events necessary to
identify a WIMP signal we employ a maximum likelihood
analysis along with Monte Carlo generation of sample
nuclear recoil distributions. We define a likelihood function

dR/dQ (arb units)
0.1

0.05

Ne

£=_Hl P(cosy;, ), (27)

cosy where Ny is the total number of events am{cosy;,¢) is

FIG. 3. The angular distribution of nuclear recoil events, (€ probability of nuclear recoil in they(, ¢;) direction for a

dR/dQ, for an isothermal halo model withh=0 andv,=220 km/s ~ Particular model (e.g. an isothermal model Here

as a function of coy and for various threshold energies. Here the P(COSY,¢) is generated by calculating/d{) for each re-
thresholds are(from upper to lower E,,=0 keV (upper solid  COil direction (y;,¢;) and averaging the result over the year

curve, 2 keV, 4 keV, 6 keV, 8 keV, and 10 keVlower solid in 5 day bins. At the 95% confidence level whenllik/ 4o
curve. —In L44<1 the distributions are indistinguishable. We gen-
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FIG. 5. The angular distribution of nuclear recoil everd&/d(}, for the triaxial model forE,=0 keV. In all casep=0.9 andq
=0.8. We consider the Sun on the intermediate &xisy=—1.78 (radially anisotropig and(b) y= 16 (tangentially anisotropjc We also
consider the Sun on the major axi® y= — 1.78 (radially anisotropit and(d) y= 16 (tangentially anisotropjc

erate 10000 data sets for eadh and demand that the log- noise. The upper set contains the results for a signal to noise
likelihood condition be satisfied less than 5% of the time.ratio of 1; thus twice as many events as shown would have
The smallesN, for which this occurs is the minimum num- been detectettoughly half signal and half noigeln each set
ber of events required to get a 95% detection 95% of théwo curves are shown. The lower curve in each set shows the
time. actual number of events required to distinguish the WIMP
With this procedure we can determine the number ofsignal. For theS/N=1 case this decreases from 32 events at
events required to distinguish a signal from a flat backgroundt,,=0 keV to 8 events &= 25 keV. As mentioned above,
or to distinguish one signdk.g. an isothermal haldrom  this is due to the fact that the distribution becomes more
another signale.g. a caustic hajoFor a pure signal we use peaked in the backward direction; thus it is more easily dis-
P4rida @s determined by the shapedR/d(). For a signal- tinguished from a flat distribution. However, as also men-
to-noise ratio,S/N, we replaceP with P,=MPsu+(1  tioned above, at a higher threshold energy there are fewer
—\)Pyriaa Wherex =1/(1+ S/N). For the results discussed events. Thus, for a fixed-size detector allowing an arbitrarily
here we consider a 4040 grid in the (co%,¢) plane and high threshold will not in general allow an equally significant
assume perfect angular knowledge on this grid. This impliesignal detection, because most of the signal events will be
an accurate angular recoil detector. We also consider the cadiscarded. We attempt to account for this fact in the upper
where knowledge of just the forward-backward asymmetry isurve in each set. The upper curve is gives the number of
available. In this cas®@ is replaced by a binomial distribu- events that would have been detected at zero threshold in
tion. order to observe the number of events shown in the lower
In Fig. 7 we show the number of signal events needed teurve for finite thresholds. This curve shows the effect of the
differentiate a WIMP signal from a flat background at the decrease in the rate as the threshold is increased. For isother-
95% confidence level 95% of the time for a standard isothermal halos, at least, continuing to lower the threshold of the
mal halo. In this figure there are two sets of curves showndetector for a fixed signal-to-noise ratio continues to notice-
The lower set contains the results for a pure sigmd  ably improve the ability to detect WIMPs with the fewest
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FIG. 8. The number of signal events required as a function of
o threshold energy to distinguish an isothermal distribution of WIMPs
FIG. 6. The angular distribution of nuclear recoil events, in the halo from a flat background. Here we have considered three
dR/dQ, for the caustic model. Here the contribution from the caus-values for the dispersion in the halog=220 km/s(solid line),
tics (steeper and the actual caustic plug,=220 km/s isothermal vo=150 km/s(dashed ling andv =300 km/s(long-dashed-short-
(flatten distributions are shown foEg=0 keV. dashed ling See the text for a discussion.

number of events. As we will discuss, for other halo distri-that the number of events required for detection is an increas-

butions it is possible that one will not gain significantly in INg function of energy. . _ .

the inferred signal by aiming for the lowest possible experi- The number of events required for the axisymmetric iso-

mental thresholds. thermal models is shown in Fig. 9. For reference the
The effect of changing the width of the isothermal distri- =220 km/s isothermal model is also includesblid line).

bution (changingv,) is shown in Fig. 8. As expected from Both theq=1 andq=0.85 models are very similar to the

Fig. 4 at low thresholds the narrower distributiomy( vo=220 km/s isothermal model. Thg=1/y2 (maximal

=150 km/$ is more easily distinguished from a flat back- flattening model is very similar to the ;= 150 km/s isother-

ground than the broader distributions. At higher thresholdgnal model.

the tail of the WIMP distribution becomes important since In order to explore the general effects of spin dependence,

the number of high energy nuclear recoils falls off moreWIMP mass, and rotation, we display in Fig. 10 the pre-

rapidly for narrower distributions. Note that it is still the case dicted event distributions for @,=220 km/s isothermal
model, while allowing these other parameters to vary. From

the figure we see that the spin interaction using the form

(=4
2 factor presented earlier leads to a steeper rise in the number
o of events. This is due to the steeper falloff of the spin-
n @
-
&
i3 St T
3
5o ok
'g ¥ é S Evans Models 7]
2 . 5 -t
Q@ wol 4 - q=0.85
o2 i e q=1/v2 ]
° g
Q -
E,, (keV) mwof
FIG. 7. The number of signal events required as a function of ol v v v ]
threshold energy to distinguish an isothermal distribution of WIMPs Y 5 10 15 <0 5
in the halo withv,=220 km/s from a flat background. The bottom E,, (keV)

set of curves is for a pure signal and the top set of curves is for a

signal-to-noise ratio of 1. The dashed curves show the number of FIG. 9. The number of signal events required as a function of
events needed as a function of threshold energy. The solid curvabreshold energy to distinguish WIMPs in the halo distributed ac-
show the number of events needed ;=0 keV in order to  cording to an Evans model from a flat background. Here we have
achieve the necessary number of events at the higher thresholdsonsidered three values for the flattening of the hqle,l (dashed
These curves include the fact that the number of events detectdihe), q=0.85(long dashed-short dashed ljnandg= 1/y2 (dotted
falls quickly as the threshold is increased. See the text for mordine). The standard ;=220 km/s isothermal modékolid line) is
details. shown for reference. See the text for a discussion.
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FIG. 10. The number of signal events required as a function of FIG. 11. The number of sianal events required as a function of
threshold energy to distinguish various isothermal distributions ofh h .Id ’ distinaui % il di q'b . f .
WIMPs in the halo from a flat background. Here we have consid-thref] ? fenergyf/l tob |st||(ngU|s da triaxial distribution 0 WIMPs in
ered a WIMP of massn, — 180 GeV/(dashed ling the spin depen- the halo from a flat background. Here we have considered the Sun

dent(axial vectoy interaction(long-dashed—short-dashed linthe 8” thz mtr(]arr;edrl]at? :xshvxgtg: :jthms(daShe?h“n;‘l a_nd r= 16'th
caustic modelwith an isothermal component, dotted jnand a ong-dashed-short-dashed r#d the Sun onth€ major axis wi

corotating model(dash-dotted line The standardy,=220 km/s 7:__2;'07ﬁ (d/otFedt::ne) anldy=dle (;#;T.h_dqtteﬂ lirje 'fl'he S]Eandard
isothermal mode{solid line) is shown for reference. See the text for Vo= mrs 1o e_rma n_10 €solid line) is shown for reference.
a discussion. See the text for a discussion.

dependent form factor with energy compared to the spin-
independent form factor, and will thus be nucleus dependen

A larger mass WIMP leads to more energy transferred to théh
nucleus; thus then, = 180 GeV WIMP requires fewer events

Next we consider the triaxial logarithmic ellipsoidal
odel. As expected from Fig. 5 most of the models are not
oo different from the standard isothermal sphere, Fig. 11.

at high threshold than the lighten =60 GeV WIMP does However, when the Sun is on the intermediate axis and we
A (net corotating halo is more difficult to distinguish than have a radial anisotropyy=—1.78) approximately 120—

the isothermal sphere as expected. However, it is not as dif-20 events are required. This model shows the importance of
ficult as might be expected since we have cut out some, pXxploring a broa_d class of halos and parameters in order to
not all, of the WIMPs from the forward direction. This assess the requirements of a a detector with angular resolu-

shows up more strongly as the threshold is increased. tion. )
It is important to note that all of the above distributions  In the above results we have assumed fairly accurate an-

require roughly the same number of events in order to disgular resolution(bins of about 9° in width were usgcHow-
tinguish a signal from a flat background. If this were genericever, a real detector may not be able to achieve this level of
then low-threshold detectors sensitive to roughly 30-50ngular resolution. To explore this we consider the case of
events would be guaranteed to unambiguously identify @nly having knowledge of the forward to backward asymme-
WIMP signal, even if a distinction between halo modelstry. In this case the events fall into one of two bins. In our
might not be easy. Unfortunately, however, two of the mod-likelihood analysis we compare two binomial distributions:
els we have considered here, both of which exist in the lit-one for the data with a fraction of events in the forward bin
erature as candidates for our Galactic halo, will require fa@s our probability and the other for the flat background
more events in order to disentangle the signal from a flawhere the probability is a half.
background. For the reasons mentioned earlier, it is reason- In Fig. 12 we show the number of signal events needed to
able to expect that the distributions that arise frblibody  differentiate a WIMP signal from a flat background at the
simulations may share these features. 95% confidence level 95% of the time when only two angu-
First, we consider the caustic distribution. As is expectedar bins are employeforward and backwand This figure is
from Fig. 6, this most closely resembles a flat distributionthe counterpart of Fig. 7. Even in this case of relatively little
and thus requires the most number of events. Also not su@ngular information few events are needed. BN=1, if
prisingly it is a strong function of threshold energy. As the E;<5 keV, thenNg,es=40—-65. It is interesting to note that
threshold is increased some of the velocity peaks do not corthe threshold of the detector does not need to be zero to
tribute detectable nuclear recoils thus greatly changing thebtain the most discernible signal in this case.
shape of the recoil distribution. We note that the number of The results for the other models considered in this work
events required for detection is not a monotonic function.are shown in Figs. 13-16. These figures should be compared
Thus the detection of WIMPs in a caustic halo will dependto Figs. 8—11. In most cases we see the slight(diat least
sensitively on the mass of the WIMP and the threshold of thevery slow ris¢ in the number of events needed aroufg
detector. In practice having energy information about the=~2 keV. We note that the result for the caustic model is not
event will most likely prove to be extremely important to shown. As previously mentioned the caustic model most
differentiate WIMP events from background events in thisclosely resembles a flat distribution. This shows up most
case. prominently here where we have limited the angular infor-
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FIG. 12. The number of signal events required as a function of FIG. 14. The number of signal events required as a function of
threshold energy to distinguish an isothermal distribution of WIMPsthreshold energy to distinguish WIMPs in the halo distributed ac-
in the halo withvy=220 km/s from a flat background using only cording to an Evans model from a flat background using only the
the forward to backward ratio. See Fig. 7 and the text for moreforward to backward ratio. Here we have considered three values
details. for the flattening of the halog=1 (dashed ling q=0.85 (long-

dashed—short-dashed linandq=1/y/2 (dotted lind. The standard
vo=220 km/s isothermal modésolid line) is shown for reference.

mation available. In this case the number of events needege® Fig- 9 and the text for more details.
with SIN=1 atEy=0 keV is about 5200. Again most of the
triaxial models are not that different than the isothermal
sphere. However, the radially anisotropic model with the Surcalculated the number of events required to identify a WIMP
on the intermediate axis again requires the most number afignature in this case and the results are identical to those
events. Here approximately 250—300 events are required fatiscussed above for the isothermal and axisymmetric mod-
En<5 keV. els. Naturally in the case of the caustic model more events
The DRIFT detector in its current form will only obtain are required since this model has structure inxhg plane.
information about the recoil in two directions. One will be  This simple study of the DRIFT’s capabilities assumed
along the axis of the Sun’s motion through the Galazy ( that we could identify the recoil tracks regardless of their
axis in our coordinatgsand the other either theor y axis.  orientation. In practice, if we do not have full angular reso-
Having information along the axis is necessary to have any lution, then some tracks will not be resolved. For example, if
ability to identify WIMPs. Since the recoil distribution is we are projecting out thg axis, any event that has a large
essentially independent @f (or equivalently thex, y plane;  component along the axis and a small component along the
see Fig. 7 having information on these two axes is almosty axis will appear as a short track and will thus be difficult to
the same as having the full angular distribution. We have
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FIG. 15. The number of signal events required as a function of

FIG. 13. The number of signal events required as a function othreshold energy to distinguish various isothermal distributions of
threshold energy to distinguish an isothermal distribution of WIMPsWIMPs in the halo from a flat background using only the forward to
in the halo from a flat background using only the forward to back-backward ratio. Here we have considered three values for the flat-
ward ratio. Here we have considered three values for the dispersidening of the halog=1 (dashed ling g= 0.85(long-dashed—short-
in the halo,v =220 km/s(solid line), v,= 150 km/s(dashed ling dashed ling andq=1/y/2 (dotted ling. The standard ,=220 km/s
andv =300 km/s(long-dashed—short-dashed lin8ee Fig. 8 and isothermal modelsolid line) is shown for reference. See Fig. 10
the text for more details. and the text for more details.
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g ——— — While we hope to utilize our analysis to examine various

S specific detectors possibilities in the future, we have thus far

L Iy derived various generic predictions for the range of events

gL ¥ Standard Isothermal | that will be required in an idealized detector, given our
[3Y

present uncertainty in the actual Galactic halo WIMP distri-
bution. This is an important first step in order to set the scale
of detector parameters that may be required to adequate ex-
ploit angular sensitivity.

In particular, we have calculated the recoil distribution

2T R p=0.9, q=0.8, y=16 from WIMP scattering and the expected number of events

ol necessary to distinguish a WIMP signal from a background

0 5 10 15 20 &5 with a 95% confidence level for various analytic halo mod-
Ey, (keV) els; isothermal models with =150 km/s, 220 km/s, and

FIG. 16. The number of si . , POO km/s; Evans models with flattenirg—=1, 0.85, and
. 16. gnal events required as a function o .
threshold energy to distinguish a triaxial distribution of WIMPS in 1/\/5; and rOtat_mg halo mOdels' In a.” such cases the number
the halo from a flat background using only the forward to backward®f events required is quite low, typically 5070 f&,<5
ratio. Here we have considered the Sun on the intermediate axi€V when the full angular distribution is measured. Even if
with y=—1.78 (dashed ling and y=16 (long-dashed—short- only the forward to backward ratio is measured, relatively
dashed lingand the Sun on the major axis with=—1.78(dotted ~ few events are required, typically 70—110 <5 keV for
line) and y= 16 (dash-dotted line The standar@,=220 km/s iso-  these models. This study considered WIMPs with masses
thermal mode(_solid Ii_ne) is shown for reference. See Fig. 11 and m, =60 GeV and 180 GeV and included both spin dependent
the text for a discussion. and independent interactions. We note that spin-dependent
interactions may require lower thresholds in order to have
sufficient number of events to distinguish a WIMP signal.
identify. To accurately model DRIFT it would be necessary The isothermal and Evans models are both axisymmetric.
to take this track identification into account along with otherAs extreme asymmetric models we also studied the case of
detector characteristiqshreshold, etg.Furthermore, it may caustics(peaks in the velocity distribution and a set of tri-
not be possible to measure the direction of the track, only itaxial halo models. The former distribution should be viewed
axis. In a detector such as DRIFT that relies on ionization t@s a first pass at considering more realistic halo distributions
measure the recoil direction, it is difficult to tell where a arising from hierarchical accretion M-body simulations. In
track begins and ends. To make this distinction we must reljhis case the resulting recoil spectrum is very similar to a flat
on the ionization(energy depositionas a function of the background and thus is rather difficult to distinguish. Here
energy of the recoiling nucleus. The extent to which this carthe number of events required ranges from 300—60CEfpr
be used to determine directionality will be crucial for deter- =2—10 keV and depends rather sensitively on the threshold.

mining the ability of a detector to identify a WIMP signal. For the triaxial model most sets of parameters lead to limits
We will consider these details in future work. similar to the isothermal sphere. Only the case of the Sun on

the intermediate axis with a radial anisotropy={—1.78)
are the requirements raised to 120—-150 eventsEfg«5
keV.
We have also performed a preliminary study of a DRIFT-
Our results are useful when considering the constructiofike detector. Here we projected out one of the directions
of the next generation of WIMP detectors sensitive to theperpendicular to the direction of motion of the Sun since
angular distribution of WIMP scattering events. As we haveDRIFT will only have resolution in two directions. Here we
described, this sensitivity will provide, in principle, a key found that the results can be as robust as having full angular
extra signature needed to unambiguously demonstrate that assolution for axisymmetric halo models.
observed signal is indeed WIMP related, and one which will In future work we plan to refine our analysis in several
require both far fewer events and also be subject to feweways. First, we will exploit the output of existiny-body
systematic uncertainties than exist in a search for simple arsimulations to explore the consequences for the expected an-
nual modulations. gular signals. Next, we plan to carry out an analysis similar
The formalism we have developed allows one to calculatéo the present analysis for specific proposed detectors. This
the angular distribution of recoil eventdR/d(), and the  will allow us to explore the very important issue of utilizing
distribution in both energy and angld’R/dQdQ). This for-  energy as well as angular sensitivity, but it will also require
malism accommodates arbitrary velocity space WIMP distri-us to adequately model the expected energy dependence of
butions and correctly employs the full motion of the Earthvarious detector backgrounds. Finally, after completing these
around the Sun and the Sun through the Galaxy. As such, @nalyses, we hope to explore exactly how many events may
can be used as an input to any detector Monte Carlo, allowbe needed to distinguish between halo models, in order to
ing a determination of the predicted angular distribution ofdetermine how an eventual WIMP detection may shed light
events for any halo model. on the unknown features of our Galactic halo and, thus, on

V. CONCLUSIONS
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important issues associated with galaxy formation and evoa probe of astrophysics. Our results provide a useful first step

lution. in this direction.
If a WIMP signal is ultimately observed in terrestrial de-

tectors it will provide one of the most important observations

that has ever been made in particle physics and cosmology. It

is thus worthwhile considering in advance not only how one We thank P. Sikivie, J. Martoff, and B. Moore for useful

might best unambiguously disentangle such a signal frondiscussions about their research results, and J. Heo for his

backgrounds, but also how one might then use this signal asontributions to our initial investigations.
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