
PHYSICAL REVIEW D, VOLUME 63, 043507
Angular signatures for galactic halo weakly interacting massive particle scattering
in direct detectors: Prospects and challenges
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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 the use ofN-body
simulations to better model the expected halo distribution in predicting the expected signature for direct WIMP
detectors.
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I. INTRODUCTION

The effort to directly detect galactic halo weakly intera
ing massive particles~WIMPs! which may form the dark
matter dominating our Galaxy is now entering a new pha
Numerous experiments are now operating with a sensiti
to scattering cross sections in the range predicted for
energy supersymmetric~SUSY! neutralinos@1–3#, and in-
deed one such experiment has claimed a preliminary de
tion @4#.

There is a problem, however, with existing detecti
schemes, which the controversy over the recent DAMA
sults @2# underscores. The signature for elastic scattering
WIMPs on nuclear targets involves the observation of w
is essentially excess noise in the detector. Thus, in orde
definitively establish a positive detection, one has to c
vincingly demonstrate that this excess noise is indeed WI
induced, and not due to some unexpected terrestrial b
ground. The signature focused on by the DAMA collabo
tion, an annual modulation due to the Earth’s orbital mot
through the WIMP halo, is problematic in this regard. In t
first place, the effect is small, at the few percent level at b
@5#. In addition, numerous radioactive backgrounds
known to modulate over the course of a year.

The Earth’s motion around the Sun, combined with t
Sun’s motion around the Galactic disk, can however prov
another, much larger and more unambiguous signature
detectors can be developed that are sensitive to the dire
of recoil of the nucleus impacted by a WIMP, then the e
0556-2821/2001/63~4!/043507~13!/$15.00 63 0435
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pected signal will have an angular dependence character
of this velocity relative to the incident WIMP halo phas
space distribution.

For a simple isothermal sphere distribution, the result
angular differential rates can be easily calculated@6#, and it
is clear that a large forward-backward asymmetry can
produced. However, it is quite likely that the actual Galac
halo WIMP distribution is not well represented by such
simple analytical approximation. Building detectors with a
gular sensitivity is a daunting challenge, although testing
at least one such proposed detector, the DRIFT dete
@7,8#, is currently underway. It is therefore appropriate
explore in advance to what extent uncertainties in our kno
edge of a halo WIMP distribution will have on the detect
parameters required required to separate a WIMP signal f
other backgrounds.

Recently we outlined a comprehensive formalism that
lows the generation of expected angular event rates in ter
trial detectors with angular sensitivity for any incide
WIMP distribution, and made a provisional exploration
the overall event rates required in detectors for simple h
models in order to separate the signal from a flat backgro
@9#. Here, we follow up by providing a detailed derivatio
and description of our results, and also by incorporatin
much broader spectrum of analytical halo models. In ad
tion, we also make a provisional analysis of the possi
effects of the spin dependence of WIMP-nucleon cross s
tions on the resulting angular signatures. Finally, we brie
describe ongoing work aimed at incorporating more realis
©2001 The American Physical Society07-1
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FIG. 1. Geometry of a WIMP scattering
event. Here a WIMP is incident at an ang
(a,b) in the laboratory frame~shown on the
right!. The WIMP hits a nucleus originally at res
that recoils at an angle (g,f) in the laboratory
frame. The velocity of the Sun through the Ga
axy defines thez axis in the laboratory frame.
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WIMP distributions arising fromN-body simulations into
our analysis, and applying our results to various specific p
posed detectors, where the energy dependence of both
nals and backgrounds may play a key role. Our presen
sults, however, point out the challenges of discerning
angular signal in advance of specific knowledge of the h
WIMP distribution. In addition, the formalism provided he
can be used to generate angular event rates which can in
be used by experimental groups as an input into their de
tor Monte Carlo analyses.

The outline of this work is as follows: First, in Sec. II, w
present a detailed derivation of the differential angular cr
sections in a terrestrial laboratory frame for any incide
WIMP distribution. In Sec. III we discuss a broad range
different analytical halo models that have been propose
the literature, and outline the relevant parameter range
importance for influencing the resulting angular signature
WIMP scattering. In this section we also incorporate effe
of the detailed motion of the Earth in a Galactic rest fram
and also examine the effect of incorporating the possible s
dependence of WIMP-nucleus scattering on the resulting
gular signals, as well as briefly outlining the generic detec
and WIMP parameters we used in generating our results
Sec. IV we present the results for the expected angular
tributions in these model detectors. In Sec. V we then p
ceed to describe the Monte Carlo analysis we performe
determine the required event rates in order to separate sig
from backgrounds for the different halo and detector mod
In Sec. VI we summarize our conclusions, and describe
going efforts to further refine our analyses and prediction

II. DIFFERENTIAL EVENT RATES

The WIMP rate as a function of recoil energy for vario
WIMP models has been carefully studied over the past
cade~see@1# for a review!. The angular dependence of th
event rate, assuming an incident spherically symmetric
thermal halo WIMP distribution has also been discus
@6,10#. In order to explore a more general class of halo d
tributions, in particular those which might not be spheric
these formalisms are not adequate, however, and one
generalize them@9#. We present the derivation of such
generalized formalism here.
04350
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The event rate of WIMPs depends on their local dens
r0, and their velocity distribution in the halo,f (v). Assume
the WIMPs have a uniform spatial density on the scale of
Earth’s motion through the halo over the course of one ye
The event rate is then simply given by

R;
ns

mn
^v&, ~1!

wheremn is the mass of the nuclear target,mx is the mass of
the WIMP,n5r0 /mx is the number density of WIMPs,s is
the cross section, and̂v& is the average velocity of the
WIMPs relative to the detector.

Consider a WIMP of massmx moving with velocity v
5v( x̂ sina cosb1ŷsina sinb1ẑcosa) in the laboratory
frame ~Fig. 1!. Let this WIMP scatter off a nucleus of mas
mn in the direction (u* , j) in the center-of-mass frame. Th
recoil energy of the nucleus is

Q5
mnmx

2

~mn1mx!2
v2~12m!, ~2!

where m5cosu* . Let u5u( x̂ sing cosf1ŷsing sinf

1ẑcosg) be the recoil velocity of the nucleus in the labor
tory frame~Fig. 1!. To determine the relations among the
sets of angles we begin by considering the simplified scat
ing problem of a WIMP incident along thez axis. We can
then rotate this result for an arbitrary WIMP incident at
angle (a,b) to find ~in the non-relativistic limit!

cosg5A12m

2
cosa2A11m

2
sina cosj,

sing cosf5A12m

2
sina cosb

2A11m

2
~sinb sinj2cosa cosb cosj!,
7-2
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sing sinf5A12m

2
sina sinb

1A11m

2
~cosb sinj1cosa sinb cosj!.

~3!

Notice in the limit of (a,b)→(0,0) this reduces to the usua
two dimensional result.

To remove the dependence on the center of mass an
we note that

sin
u*

2
5A12m

2
5ucosg cosa1sing sina cos~b2f!u

~4!

and the Jacobian

U]~cosg,f!

]~m,j!
U51

4
A 2

12m
. ~5!

Next, to simplify subsequent formulas, we define a geome
cal factor,J, by

J~a,b;g,f![
u•v

uuuuvu
5

1

4 U]~cosg,f!

]~m,j!
U21

5cosa cosg1sina sing cos~b2f!. ~6!

Physically the last expression cannot be negative since a
lision as it is defined can only produce a recoil in the forwa
hemisphere. In the expressions for the event rates below
explicitly include a step function forJ to enforce this re-
quirement. With this information we can now write the eve
rates solely as a function of the incoming laboratory an
(a, b) and the recoiling laboratory angle (g, f).

The event rate per nucleon in the detector is given by

dR5 f ~v,a,b!v3dv d~cosa! db
ds

dm
dm

dj

2p
. ~7!

Here we will assume the nucleon-WIMP scattering has
form

ds

dm
5

s0

2
F2~Q!, ~8!

whereF2(Q) is the form factor ands0 is energy indepen-
dent. The number of events in which a nucleus recoils w
energyQ is

dR

dQ
5

s0r0

2mr
2mn

F2~Q!E
vmin

vesc
v dvE dVa,b f ~v,a,b!, ~9!

wherevesc is the escape velocity of the Galaxy,vmin
2 5@mx

1mn)2/2mx
2mn]Q is the minimum incident WIMP velocity

that can produce a nuclear recoil of energyQ, and mr
5mxmn /(mx1mn) is the reduced mass. This formula
well known and, in the case of an isothermal model when
04350
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only consider the projected motion of the Earth along
Sun’s velocity, it can be evaluated analytically.

In this work we are most interested in the angular dep
dent event rate which is found to be

dR

dVg,f
5

s0r0

pmnmx
E

v min /J

vesc
v3dv F2

„Q~v,J!…

3E dVa,b f ~v,a,b!J~a,b;g,f!Q~J!. ~10!

HereQ(J) is the usual step function andJ is the geometrical
factor discussed above Eq.~6! that relates the incident WIMP
direction to the recoiled nucleus direction.

We can further derive the event rate as a function of b
the deposited energy and the recoil angle:

d2R

dQ dVg,f
5

mns0r0

8pmr
4mx

Q F2~Q!

3E dVa,b f „v~Q,J!,a,b…
Q~J!

J3
. ~11!

In principle this would provide the most information allow
ing for the best separation of signal from background. No
however, that in order to fully exploit this signature som
detector-specific estimation of the energy dependence
various backgrounds must be given.

In this work we will focus on the angular event rat
which does not require knowledge of the specific energy
pendent detector backgrounds in order to explore the sep
tion of signals from backgrounds. Exploiting the full distr
bution for various proposed detectors will be analyzed
future work.

III. MODEL PARAMETERS

Armed with the above differential event rates we can n
analyze a wide variety of halo models, form factors, WIM
parameters, detector parameters, etc. Here we will disc
the parameters considered in this study.

A. Halo models

A standard spherically symmetric isothermal sphere
produces the large scale features of the flat rotation cu
around galaxies. However, numerous dynamical argum
suggest that actual halo model may not be well described
such a distribution. As a result, a variety of more comp
analytical models have been developed. The models we
cuss here can be considered to be of three types: sm
axisymmetric, smooth triaxial, and clumped. The first ty
includes a standard spherical isothermal WIMP halo, as w
as a modified axisymmetric halo, both rotating and no
rotating. Most recently a general triaxial generalization of t
spherical isothermal halo has been developed. As an exam
of the last type of halo model, which ultimately should i
clude realistic halo distributions arising from accretion
sub-systems by the growing galaxy, we consider a cau
7-3
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model recently developed by Sikivieet al. While all of these
models are analytic approximations, they do represen
broad spectrum of different possibilities, which should gi
some idea of the range of uncertainty in the predicted an
lar distributions in detectors.

1. Isothermal model

A simple spherically symmetric isothermal distribution
given by

f ~v!5
1

p3/2v0
3

e2uvu2/v0
2
. ~12!

Here ^v2&1/25A3/2v0 is the dispersion velocity of the dar
matter in the halo. Note that we can allow different disp
sions in each direction but will not pursue that option furth
The standard value chosen forv0 is 220 km/s. We will con-
sider the range of valuesv05150 km/s, 220 km/s, and
300 km/s here.

2. Axisymmetric halo model

The Evans model@11# is an axisymmetric halo model tha
allows for flattening. This model has been studied in
context of annular modulations by Kamionkowski a
Kinkhabwala@12#. The distribution function is given by

f ~v!5
1

D2
@AR0~v cosa1v % ,z!

21B#

3e22(v1C)2/v0
2

1
C

D
e2(v1C)2/v0

2
, ~13!

where

A5S 2

p D 5/2 12q2

Gq2v0
3

, B5A 2

p5

Rc
2

Gq2v0

,

C5
2q221

4pGq2v0

, D5Rc
21R0

2 ,

C5vx sina cosb1vy sina sinb1vz cosa, ~14!

Rc is the core radius,R0 is the distance of our solar syste
from the center of the Galaxy,v0 is the circular speed a
large radii, andq is the flattening parameter ranging fromq
51 to q51/A2. In this work we adoptRc57 kpc,R058.5
kpc, andv05220 km/s. The most important parameter is t
flattening,q. Here we chooseq51 ~cored isothermal model!,
0.85, and 1/A2 ~maximum flattening!.

3. Triaxial halo models

Constructing velocity distributions from general triaxi
halos is a difficult problem. Evans, Carollo, and de Zee
@13# have provided such distributions for the logarithmic
04350
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lipsoidal potential: the simplest triaxial model and a natu
generalization of the isothermal sphere. In this case we
approximate the velocity distribution as

f ~v!5
1

p3/2sxsysz

expF2
vx

2

sx
2

2
vy

2

sy
2

2
vz

2

sz
2G . ~15!

When the Sun is on the long axis of the ellipsoid we have
relations

sx
25

v0
2

~21g!~p221q2221!
, sy

25
v0

2~2p2221!

2~p221q2221!
,

sz
25

v0
2~2q2221!

2~p221q2221!
. ~16!

When the Sun is on the intermediate axis of the ellipsoid
have the relations

sx
25

v0
2p24

~21g!~11q222p22!
, sy

25
v0

2~22p22!

2~11q222p22!
,

sz
25

v0
2~2q222p22!

2~11q222p22!
. ~17!

Herep andq describe the axis ratios of the ellipsoid (p5q
51 is a spheroid! andg describes the anisotropy (g51 for
a sphere!. We will consider the cases wherep50.9 andq
50.8 for both positions of the Sun. We will also consid
g521.78 ~radially anisotropic! andg516 ~tangentially an-
isotropic!.

4. Galactic infall: Sikivie caustic model

The caustic model is based on the work of Sikivie a
collaborators@14#. It is derived from the assumption tha
WIMPs continuously fall into our Galaxy from all directions
The WIMPs only get thermalized after many passes thro
the Galaxy. Thus the WIMP halo of our Galaxy should
made up of a thermalized core described by an isotherma~or
similar! distribution plus a set of inflowing and outgoin
peaks in velocity space with the distribution function giv
by

f ~v!5(
j

r jd~v2vj !. ~18!

Herej sums over the velocity flows,r j is the density in each
flow, andvj is the velocity of each flow. The peaks for on
such model are given in Table I. Notice that there are t
flows for each velocity peak. In this model the total loc
density of WIMPs isr050.52GeV/cm3 and the first 14
peaks are not thermalized@16# From Table I we findrcaustic
50.34GeV/cm3. Thus 65% of the WIMPs are in the form o
velocity flows and the remaining 35% are in the form of
thermalized distribution. For simplicity we will choose th
standard (v05220 km/s! isothermal model for the thermal
ized distribution.
7-4
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Most recently a number of groups have begun to num
cally investigate the growth of our Galactic halo via acc
tion in N-body simulations. While we plan to incorpora
these results into a future analysis, it is worth stressing
while the model of Sikivieet al. is undoubtedly an idealiza
tion of the actual hierarchical accretion process, the resul
distribution, containing a thermalized background plus s
eral different unthermalized velocity flows, may share so
qualitative features of theN-body distribution, even if it is
not likely to agree in detail with these results. It thus pr
vides one tractable example of the complexity that mi
actually characterize the real galactic halo, and can usef
demonstrate some of the possible implications of ph
space flows for signatures in WIMP detectors.

B. Motion of the Earth

In previous analyses components of the Earth’s velo
perpendicular to the plane that the Sun orbits the cente
the Galaxy were ignored. When working with an isotherm
model and considering either the total number of events
the annular modulation, the use of solely the velocity co
ponent in the plane is sufficient. However, since we are
terested here in angular effects due to halo models that n
not be spherically symmetric, it is necessary to use the
rect velocity of the Earth. Thus the fact that the Earth’s or
is tilted by approximately 60° from the galactic plane will b
important. In the frame of the Galaxy the Earth’s motion
given by

v % ,x50.13v(sin@2p~ t2tp!/yr#,

v % ,y520.11v(cos@2p~ t2tp!/yr#,

v % ,z5v($1.0510.06cos@2p~ t2tp!/ yr#%, ~19!

TABLE I. Velocity flows of dark matter from the caustic mode
~for h50.75, e50.28, j max50.25 Sikivie model@15#!. Velocities
are given in the rest frame of the Galaxy.

Flow ra vx
b vy

b vz
b

1 0.4 6600 0 140
2 0.9 6500 0 250
3 2.0 6395 0 350
4 6.1 6240 0 440
5 9.6 0 6190 440
6 3.0 0 6290 355
7 1.9 0 6330 295
8 1.4 0 6350 250
9 1.0 0 6355 215
10 1.1 0 6355 190
11 0.9 0 6355 170
12 0.8 0 6350 150
13 0.7 0 6345 135
14 0.6 0 6340 120

aIn units of 10226 g/cm3.
bIn units of km/s.
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wherev(5220 km/s is the velocity of the Sun in the fram
of the Galaxy,t is measured in days, andtp'153 days~2
June! is the day when the tangential component of Eart
velocity is a maximum with respect to the direction of th
Sun’s motion around the Galactic center. The numerical
efficients reflect the 60° tilt of the Earth’s orbit.

The distribution functions above are given in the re
frame of the Galaxy. In the laboratory frame~rest frame of
the Earth! we must shift them asf (v1v% ).

C. Form factor

In WIMP-nucleus scattering, a form factor is incorporat
into the cross section, as described above, to account fo
loss of coherence over the nucleus for large momen
transfers. The appropriate specific form factor is, of cour
nucleus dependent. However, for the purposes of this an
sis we utilize several reasonable analytical approximati
which are appropriate in the case of either spin-dependen
spin-independent scattering, as described below. For a m
detailed discussion see@1#.

1. Spin independent

Here the WIMP couples to various quantum numbers
the entire nucleus. The standard form factor,F2(Q), for such
nuclear interactions is the Woods-Saxon form factor. In t
work we will consider the simpler exponential form factor

F2~Q!5e2Q/Q0 ~20!

since it is easier to work with analytically and it produc
qualitatively similar results. HereQ053/(2mnr 0

2) and r 0

50.310.91A3 mn is the radius of the nucleus~in fermi when
mn is in GeV!.

2. Spin dependent

The energy dependent component of the form factor
an axial vector interaction is given by

F2~q!}S~q!5a0
2S00~q!1a1

2S11~q!1a0a1S01~q!. ~21!

Herea0 (a1) represents the isoscalar~isovector! parameter-
ization of the matrix element.S00, S11, andS01 are obtained
from detailed nuclear calculations. In this work we will p
rameterize this energy dependent part using expone
functions for analytical ease.

For the purposes of our calculation we choose germ
nium. While it is not likely that this material will in fact be
used in direction-sensitive detectors, it has the virtue of
ing a mid-range nucleus with sensitivity to axial coupling
and has been well studied. Without specific candidates
directional detector targets it thus seems a reasonable
step, in order to get some idea of the possible change
signature for spin-dependent vs spin-independent inte
tions. For germanium, we find

SGe~q!50.20313~1.102a0
2e27.468y1a1

2e28.856y

22.099a0a1e28.191y!, ~22!
7-5
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where y5@(1 f m)uqu/2A1/6#2 and is valid for y,0.2 @16#.
For a WIMP that is a pureB-ino the couplings area0
50.082zq and a150.276zq when the European Muon Co
laboration values for the spin content of the nucleons
employed. For our purposes in this workzq is an energy
independent, overall scale factor. See@16# for a more thor-
ough discussion ofSGe.

D. Rotating halo

To allow for a rotating halo we employ the standard tec
nique from Lynden-Bell@17#. Let

f 1~v,a,b!5H f ~v,a,b!, 0,a,p/2,

0, p/2,a,p,
~23!

and

f 2~v,a,b!5H 0, 0,a,p/2,

f ~v,a,b!, p/2,a,p.
~24!

Then the rotating distribution function is given by

f R~v,a,b!5~11k! f 1~v,a,b!1~12k! f 2~v,a,b!.
~25!

Note that this definition does not change the normalization
dispersion of the distribution function;̂ f R&5^ f & and
^v2f R&5^v2f &, independent ofk. When k50 we recover
the original distribution function.

To generate a halo with a particular average velocity
note that

^v f R&5
2v0

Ap
k. ~26!

Thus when̂ v f R&5v0 we find thatk5Ap/2.

E. Target nucleus

As mentioned above we chose73Ge as our prototypica
nuclear target. Germanium has both scalar and axial ve
interactions with WIMPs, and thus serves as a good base
for probing the dependencies in the angular distributi
Throughout, we assume that 25% of the recoil energy is
the detected channel~quenching factor of 0.25). The detect
thresholds quoted below have taken this into account. B
argon and xenon have been discussed as likely targets
time projection chamber such as DRIFT@8#. There are ex-
perimental difficulties with using argon~it is naturally radio-
active! and little is known about xenon gas~in particular its
form factor!. Thus we will not examine these targets in det
at this time.

Note that for our purposes the choice of73Ge as target is
somewhat arbitrary. Since the normalization of the ove
WIMP-nucleus scattering cross section is not relevant for
discussions, the chief distinction between choosing differ
target nuclei will be the kinematic dependence on WIM
mass vs target mass, and possible alterations in the s
dependent form factor parameters. For most materials b
used for dark matter detection, quenching factors gener
04350
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lie in the 0.1–0.4 range and thus our choice of the measu
Ge quenching factor is also relatively generic.

F. WIMP parameters

Throughout this work we focus on the shape of t
nuclear recoil distribution. Thus, as emphasized above,
do not focus on the overall event rate normalization. T
quantity depends on specifics of the halo density, the WI
mass and couplings, the target nucleus, detector size, typ
interaction, etc. The key point is that when modeling a s
cific detector this normalization will be essential, but in ord
to explore generic features of the angular signature
WIMP-nucleus scattering, it is not important.

As noted above, the mass of the WIMP affects both
normalization and shape of the nuclear recoil distributio
Thus, the results remain identical if one appropriately sca
both target nucleus and WIMP mass. In this work we w
considermx560 GeV as our standard WIMP mass~as mass
matches well with the germanium target,mGe573 GeV!. In
some cases we will also show results formx5180 GeV to
show how the mass of the WIMP affects the results. T
results we present should thus be considered to be appr
ate to a WIMP whose mass matches well with the tar
nucleus mass or, in some cases, greatly exceeds it.

IV. RESULTS

The calculations ofdR/dV were performed on a 40340
grid in the (cosg,f) plane. They were calculated in 5 da
bins and summed over the year. By summing over the y
we average out any annual modulations in both the sig
and the background. Furthermore, we are implicitly aver
ing over the day in which time the detector rotates~along
with the Earth! by 2p with respect to the direction of mo
tion. Thus any angular dependent backgrounds, due to,
example, hot spots in the detector, will also be averaged
~at least for the component in the plane of motion of t
Earth! and the probability of a background induced nucle
recoil is uniform in angle when averaged over the year, w
respect to the direction of the Earth’s motion around the S

A. Angular distributions

The angular distribution for the isothermal model wi
v05220 km/s is shown in Fig. 2. Notice the exponent
decay in cosg in the forward direction and the independen
of f. The reason for the decay in the forward direction
simple. The Earth is moving through this WIMP halo, a
thus more WIMPs are incident from the forward directio
than the backward direction, and thus nuclei are prefer
tially scattered backwards. This exponential decay wo
lead to an easy statistical separation of signal events f
~flat! background events as discussed below. To examine
pendence on threshold we plotdR/dV for f50 for a num-
ber of different threshold energies~Fig. 3!. As we increase
the threshold the backward scattering peak in the distribu
becomes more pronounced in relation to the rest of the
tribution, making it more easily distinguishable from a~flat!
background. However, as is also evident from the figure
7-6
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we increase the threshold the total number of events
creases. These two effects will be discussed below.

The angular distributions for a number of isothermal, a
symmetric and rotating models are shown in Fig. 4. Here
plot dR/dV as a function of cosg for f50 andEth50 keV.
The two solid curves for thev05220 km/s isothermal mode
are for two different WIMP masses,mx560 GeV andmx

5180 GeV. All of the curves are normalized so thatR51.
As can be seen from the figure all of the models are sim
in shape~at least atEth50 keV!. Thus we do not expect a
large variation in the number of events required to identif
WIMP signal as we will discuss later. On the other hand
also means that it will be difficult to distinguish betwee
different halo models based solely on this information.

The angular distribution for the triaxial model is shown
Fig. 5. Here there is a panel for each set of parameters.
shows how much the rate can vary even in a single mo
depending on the parameters. The most difficult combina

FIG. 2. The angular distribution of nuclear recoil even
dR/dV, for an isothermal halo model. Herev05220 km/s and
Eth50 keV.

FIG. 3. The angular distribution of nuclear recoil even
dR/dV, for an isothermal halo model withf50 andv05220 km/s
as a function of cosg and for various threshold energies. Here t
thresholds are~from upper to lower! Eth50 keV ~upper solid
curve!, 2 keV, 4 keV, 6 keV, 8 keV, and 10 keV~lower solid
curve!.
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of parameters to distinguish from background is seen
panel~a! since it looks the most similar to a flat distribution
The rest of the models look more like the isothermal dis
bution @panels~b!–~d!# and will be easier to distinguish from
the background.

The angular distribution for the caustic model is shown
Fig. 6. Here both the pure caustic and a caustic with isoth
mal component are shown. Notice that the pure cau
model is peaked in the forward direction~opposite the other
models! and falls off more slowly. This is because we a
located near a caustic and WIMPs are preferentially catch
up with the Sun as it moves through the Galaxy, so more
incident from behind than from the forward direction. The
are also a number of small features in thef direction. When
combined with thev05220 km/s isothermal model the dis
tribution flattens greatly. This makes is more difficult to di
tinguish from a flat background than the other models.

B. Signal identification

To determine the number of signal events necessar
identify a WIMP signal we employ a maximum likelihoo
analysis along with Monte Carlo generation of samp
nuclear recoil distributions. We define a likelihood functio

L5)
i 51

Ne

P~cosg i ,f i !, ~27!

whereNe is the total number of events andP(cosgi ,fi) is
the probability of nuclear recoil in the (g i ,f i) direction for a
particular model ~e.g. an isothermal model!. Here
P(cosgi ,fi) is generated by calculatingdR/dV for each re-
coil direction (g i ,f i) and averaging the result over the ye
in 5 day bins. At the 95% confidence level when lnLdR/dV

2 ln Lflat,1 the distributions are indistinguishable. We ge

,

,

FIG. 4. The angular distribution of nuclear recoil even
dR/dV, for the isothermal and Evans halo models withf50 Eth

50 keV as a function of cosg. The Evans model withq51 is not
shown since it is nearly identical to the isothermal model withv0

5220 km/s. There are two curves shown for thev05220 km/s
isothermal model: one formx560 GeV ~solid line! and the other
for mx5180 GeV ~dash-dotted line!. The Evans model withq
50.85 ~dashed line! andq51/A2 ~long-dashed–short-dashed line!
are also shown. Finally the corotating model~dotted line! is shown.
See the text for more details.
7-7
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FIG. 5. The angular distribution of nuclear recoil events,dR/dV, for the triaxial model forEth50 keV. In all casesp50.9 andq
50.8. We consider the Sun on the intermediate axis~a! g521.78 ~radially anisotropic! and~b! g516 ~tangentially anisotropic!. We also
consider the Sun on the major axis~c! g521.78 ~radially anisotropic! and ~d! g516 ~tangentially anisotropic!.
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erate 10 000 data sets for eachNe and demand that the log
likelihood condition be satisfied less than 5% of the tim
The smallestNe for which this occurs is the minimum num
ber of events required to get a 95% detection 95% of
time.

With this procedure we can determine the number
events required to distinguish a signal from a flat backgro
or to distinguish one signal~e.g. an isothermal halo! from
another signal~e.g. a caustic halo!. For a pure signal we us
PdR/dV as determined by the shape ofdR/dV. For a signal-
to-noise ratio,S/N, we replaceP with Ptotal5lPflat1(1
2l)PdR/dV wherel51/(11S/N). For the results discusse
here we consider a 40340 grid in the (cosg,f) plane and
assume perfect angular knowledge on this grid. This imp
an accurate angular recoil detector. We also consider the
where knowledge of just the forward-backward asymmetr
available. In this caseP is replaced by a binomial distribu
tion.

In Fig. 7 we show the number of signal events needed
differentiate a WIMP signal from a flat background at t
95% confidence level 95% of the time for a standard isoth
mal halo. In this figure there are two sets of curves sho
The lower set contains the results for a pure signal~no
04350
.

e

f
d

s
se
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to
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.

noise!. The upper set contains the results for a signal to no
ratio of 1; thus twice as many events as shown would h
been detected~roughly half signal and half noise!. In each set
two curves are shown. The lower curve in each set shows
actual number of events required to distinguish the WIM
signal. For theS/N51 case this decreases from 32 events
Eth50 keV to 8 events atEth525 keV. As mentioned above
this is due to the fact that the distribution becomes m
peaked in the backward direction; thus it is more easily d
tinguished from a flat distribution. However, as also me
tioned above, at a higher threshold energy there are fe
events. Thus, for a fixed-size detector allowing an arbitra
high threshold will not in general allow an equally significa
signal detection, because most of the signal events will
discarded. We attempt to account for this fact in the up
curve in each set. The upper curve is gives the numbe
events that would have been detected at zero threshol
order to observe the number of events shown in the lo
curve for finite thresholds. This curve shows the effect of
decrease in the rate as the threshold is increased. For iso
mal halos, at least, continuing to lower the threshold of
detector for a fixed signal-to-noise ratio continues to noti
ably improve the ability to detect WIMPs with the fewe
7-8
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ANGULAR SIGNATURES FOR GALACTIC HALO WEAKLY . . . PHYSICAL REVIEW D63 043507
number of events. As we will discuss, for other halo dis
butions it is possible that one will not gain significantly
the inferred signal by aiming for the lowest possible expe
mental thresholds.

The effect of changing the width of the isothermal dist
bution ~changingv0) is shown in Fig. 8. As expected from
Fig. 4 at low thresholds the narrower distribution (v0
5150 km/s! is more easily distinguished from a flat bac
ground than the broader distributions. At higher thresho
the tail of the WIMP distribution becomes important sin
the number of high energy nuclear recoils falls off mo
rapidly for narrower distributions. Note that it is still the ca

FIG. 6. The angular distribution of nuclear recoil even
dR/dV, for the caustic model. Here the contribution from the ca
tics ~steeper! and the actual caustic plusv05220 km/s isothermal
~flatter! distributions are shown forEth50 keV.

FIG. 7. The number of signal events required as a function
threshold energy to distinguish an isothermal distribution of WIM
in the halo withv05220 km/s from a flat background. The botto
set of curves is for a pure signal and the top set of curves is f
signal-to-noise ratio of 1. The dashed curves show the numbe
events needed as a function of threshold energy. The solid cu
show the number of events needed forEth50 keV in order to
achieve the necessary number of events at the higher thresh
These curves include the fact that the number of events dete
falls quickly as the threshold is increased. See the text for m
details.
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that the number of events required for detection is an incre
ing function of energy.

The number of events required for the axisymmetric is
thermal models is shown in Fig. 9. For reference thev0
5220 km/s isothermal model is also included~solid line!.
Both theq51 andq50.85 models are very similar to th
v05220 km/s isothermal model. Theq51/A2 ~maximal
flattening! model is very similar to thev05150 km/s isother-
mal model.

In order to explore the general effects of spin dependen
WIMP mass, and rotation, we display in Fig. 10 the pr
dicted event distributions for av05220 km/s isothermal
model, while allowing these other parameters to vary. Fr
the figure we see that the spin interaction using the fo
factor presented earlier leads to a steeper rise in the num
of events. This is due to the steeper falloff of the sp

,
-

f
s

a
of
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FIG. 8. The number of signal events required as a function
threshold energy to distinguish an isothermal distribution of WIM
in the halo from a flat background. Here we have considered th
values for the dispersion in the halo,v05220 km/s ~solid line!,
v05150 km/s~dashed line!, andv05300 km/s~long-dashed–short-
dashed line!. See the text for a discussion.

FIG. 9. The number of signal events required as a function
threshold energy to distinguish WIMPs in the halo distributed
cording to an Evans model from a flat background. Here we h
considered three values for the flattening of the halo,q51 ~dashed
line!, q50.85~long dashed-short dashed line!, andq51/A2 ~dotted
line!. The standardv05220 km/s isothermal model~solid line! is
shown for reference. See the text for a discussion.
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dependent form factor with energy compared to the sp
independent form factor, and will thus be nucleus depend
A larger mass WIMP leads to more energy transferred to
nucleus; thus themx5180 GeV WIMP requires fewer event
at high threshold than the lightermx560 GeV WIMP does.
A ~net! corotating halo is more difficult to distinguish tha
the isothermal sphere as expected. However, it is not as
ficult as might be expected since we have cut out some,
not all, of the WIMPs from the forward direction. Thi
shows up more strongly as the threshold is increased.

It is important to note that all of the above distributio
require roughly the same number of events in order to
tinguish a signal from a flat background. If this were gene
then low-threshold detectors sensitive to roughly 30–
events would be guaranteed to unambiguously identif
WIMP signal, even if a distinction between halo mode
might not be easy. Unfortunately, however, two of the mo
els we have considered here, both of which exist in the
erature as candidates for our Galactic halo, will require
more events in order to disentangle the signal from a
background. For the reasons mentioned earlier, it is rea
able to expect that the distributions that arise fromN-body
simulations may share these features.

First, we consider the caustic distribution. As is expec
from Fig. 6, this most closely resembles a flat distributi
and thus requires the most number of events. Also not
prisingly it is a strong function of threshold energy. As t
threshold is increased some of the velocity peaks do not c
tribute detectable nuclear recoils thus greatly changing
shape of the recoil distribution. We note that the number
events required for detection is not a monotonic functi
Thus the detection of WIMPs in a caustic halo will depe
sensitively on the mass of the WIMP and the threshold of
detector. In practice having energy information about
event will most likely prove to be extremely important
differentiate WIMP events from background events in t
case.

FIG. 10. The number of signal events required as a function
threshold energy to distinguish various isothermal distributions
WIMPs in the halo from a flat background. Here we have cons
ered a WIMP of massmx5180 GeV~dashed line!, the spin depen-
dent ~axial vector! interaction~long-dashed–short-dashed line!, the
caustic model~with an isothermal component, dotted line!, and a
corotating model~dash-dotted line!. The standardv05220 km/s
isothermal model~solid line! is shown for reference. See the text f
a discussion.
04350
-
t.
e

if-
ut

-
,
0
a

-
t-
r
t
n-

d

r-

n-
e
f
.

e
e

Next we consider the triaxial logarithmic ellipsoida
model. As expected from Fig. 5 most of the models are
too different from the standard isothermal sphere, Fig.
However, when the Sun is on the intermediate axis and
have a radial anisotropy (g521.78) approximately 120–
150 events are required. This model shows the importanc
exploring a broad class of halos and parameters in orde
assess the requirements of a a detector with angular res
tion.

In the above results we have assumed fairly accurate
gular resolution~bins of about 9° in width were used!. How-
ever, a real detector may not be able to achieve this leve
angular resolution. To explore this we consider the case
only having knowledge of the forward to backward asymm
try. In this case the events fall into one of two bins. In o
likelihood analysis we compare two binomial distribution
one for the data with a fraction of events in the forward b
as our probability and the other for the flat backgrou
where the probability is a half.

In Fig. 12 we show the number of signal events needed
differentiate a WIMP signal from a flat background at t
95% confidence level 95% of the time when only two ang
lar bins are employed~forward and backward!. This figure is
the counterpart of Fig. 7. Even in this case of relatively lit
angular information few events are needed. ForS/N51, if
Eth,5 keV, thenNevents'40–65. It is interesting to note tha
the threshold of the detector does not need to be zero
obtain the most discernible signal in this case.

The results for the other models considered in this w
are shown in Figs. 13–16. These figures should be comp
to Figs. 8–11. In most cases we see the slight dip~or at least
very slow rise! in the number of events needed aroundEth
'2 keV. We note that the result for the caustic model is n
shown. As previously mentioned the caustic model m
closely resembles a flat distribution. This shows up m
prominently here where we have limited the angular inf

f
f
-

FIG. 11. The number of signal events required as a function
threshold energy to distinguish a triaxial distribution of WIMPs
the halo from a flat background. Here we have considered the
on the intermediate axis withg521.78 ~dashed line! and g516
~long-dashed–short-dashed line! and the Sun on the major axis wit
g521.78 ~dotted line! andg516 ~dash-dotted line!. The standard
v05220 km/s isothermal model~solid line! is shown for reference.
See the text for a discussion.
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mation available. In this case the number of events nee
with S/N51 atEth50 keV is about 5200. Again most of th
triaxial models are not that different than the isotherm
sphere. However, the radially anisotropic model with the S
on the intermediate axis again requires the most numbe
events. Here approximately 250–300 events are required
Eth,5 keV.

The DRIFT detector in its current form will only obtai
information about the recoil in two directions. One will b
along the axis of the Sun’s motion through the Galaxyz
axis in our coordinates! and the other either thex or y axis.
Having information along thez axis is necessary to have an
ability to identify WIMPs. Since the recoil distribution i
essentially independent off ~or equivalently thex, y plane;
see Fig. 7! having information on these two axes is almo
the same as having the full angular distribution. We ha

FIG. 12. The number of signal events required as a function
threshold energy to distinguish an isothermal distribution of WIM
in the halo withv05220 km/s from a flat background using on
the forward to backward ratio. See Fig. 7 and the text for m
details.

FIG. 13. The number of signal events required as a function
threshold energy to distinguish an isothermal distribution of WIM
in the halo from a flat background using only the forward to ba
ward ratio. Here we have considered three values for the dispe
in the halo,v05220 km/s~solid line!, v05150 km/s~dashed line!,
andv05300 km/s~long-dashed–short-dashed line!. See Fig. 8 and
the text for more details.
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calculated the number of events required to identify a WIM
signature in this case and the results are identical to th
discussed above for the isothermal and axisymmetric m
els. Naturally in the case of the caustic model more eve
are required since this model has structure in thex, y plane.

This simple study of the DRIFT’s capabilities assum
that we could identify the recoil tracks regardless of th
orientation. In practice, if we do not have full angular res
lution, then some tracks will not be resolved. For example
we are projecting out thex axis, any event that has a larg
component along thex axis and a small component along th
y axis will appear as a short track and will thus be difficult

f
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FIG. 14. The number of signal events required as a function
threshold energy to distinguish WIMPs in the halo distributed
cording to an Evans model from a flat background using only
forward to backward ratio. Here we have considered three va
for the flattening of the halo,q51 ~dashed line!, q50.85 ~long-
dashed–short-dashed line!, andq51/A2 ~dotted line!. The standard
v05220 km/s isothermal model~solid line! is shown for reference.
See Fig. 9 and the text for more details.

FIG. 15. The number of signal events required as a function
threshold energy to distinguish various isothermal distributions
WIMPs in the halo from a flat background using only the forward
backward ratio. Here we have considered three values for the
tening of the halo,q51 ~dashed line!, q50.85~long-dashed–short-
dashed line!, andq51/A2 ~dotted line!. The standardv05220 km/s
isothermal model~solid line! is shown for reference. See Fig. 1
and the text for more details.
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CRAIG J. COPI AND LAWRENCE M. KRAUSS PHYSICAL REVIEW D63 043507
identify. To accurately model DRIFT it would be necessa
to take this track identification into account along with oth
detector characteristics~threshold, etc.! Furthermore, it may
not be possible to measure the direction of the track, only
axis. In a detector such as DRIFT that relies on ionization
measure the recoil direction, it is difficult to tell where
track begins and ends. To make this distinction we must
on the ionization~energy deposition! as a function of the
energy of the recoiling nucleus. The extent to which this c
be used to determine directionality will be crucial for dete
mining the ability of a detector to identify a WIMP signa
We will consider these details in future work.

V. CONCLUSIONS

Our results are useful when considering the construc
of the next generation of WIMP detectors sensitive to
angular distribution of WIMP scattering events. As we ha
described, this sensitivity will provide, in principle, a ke
extra signature needed to unambiguously demonstrate th
observed signal is indeed WIMP related, and one which w
require both far fewer events and also be subject to fe
systematic uncertainties than exist in a search for simple
nual modulations.

The formalism we have developed allows one to calcu
the angular distribution of recoil events,dR/dV, and the
distribution in both energy and angle,d2R/dQdV. This for-
malism accommodates arbitrary velocity space WIMP dis
butions and correctly employs the full motion of the Ea
around the Sun and the Sun through the Galaxy. As suc
can be used as an input to any detector Monte Carlo, all
ing a determination of the predicted angular distribution
events for any halo model.

FIG. 16. The number of signal events required as a function
threshold energy to distinguish a triaxial distribution of WIMPs
the halo from a flat background using only the forward to backw
ratio. Here we have considered the Sun on the intermediate
with g521.78 ~dashed line! and g516 ~long-dashed–short
dashed line! and the Sun on the major axis withg521.78 ~dotted
line! andg516 ~dash-dotted line!. The standardv05220 km/s iso-
thermal model~solid line! is shown for reference. See Fig. 11 an
the text for a discussion.
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While we hope to utilize our analysis to examine vario
specific detectors possibilities in the future, we have thus
derived various generic predictions for the range of eve
that will be required in an idealized detector, given o
present uncertainty in the actual Galactic halo WIMP dis
bution. This is an important first step in order to set the sc
of detector parameters that may be required to adequate
ploit angular sensitivity.

In particular, we have calculated the recoil distributio
from WIMP scattering and the expected number of eve
necessary to distinguish a WIMP signal from a backgrou
with a 95% confidence level for various analytic halo mo
els; isothermal models withv05150 km/s, 220 km/s, and
300 km/s; Evans models with flatteningq51, 0.85, and
1/A2; and rotating halo models. In all such cases the num
of events required is quite low, typically 50–70 forEth,5
keV when the full angular distribution is measured. Even
only the forward to backward ratio is measured, relative
few events are required, typically 70–110 forEth,5 keV for
these models. This study considered WIMPs with mas
mx560 GeV and 180 GeV and included both spin depend
and independent interactions. We note that spin-depen
interactions may require lower thresholds in order to ha
sufficient number of events to distinguish a WIMP signal

The isothermal and Evans models are both axisymme
As extreme asymmetric models we also studied the cas
caustics~peaks! in the velocity distribution and a set of tri
axial halo models. The former distribution should be view
as a first pass at considering more realistic halo distributi
arising from hierarchical accretion inN-body simulations. In
this case the resulting recoil spectrum is very similar to a
background and thus is rather difficult to distinguish. He
the number of events required ranges from 300–600 forEth
52 –10 keV and depends rather sensitively on the thresh
For the triaxial model most sets of parameters lead to lim
similar to the isothermal sphere. Only the case of the Sun
the intermediate axis with a radial anisotropy (g521.78)
are the requirements raised to 120–150 events forEth,5
keV.

We have also performed a preliminary study of a DRIF
like detector. Here we projected out one of the directio
perpendicular to the direction of motion of the Sun sin
DRIFT will only have resolution in two directions. Here w
found that the results can be as robust as having full ang
resolution for axisymmetric halo models.

In future work we plan to refine our analysis in seve
ways. First, we will exploit the output of existingN-body
simulations to explore the consequences for the expected
gular signals. Next, we plan to carry out an analysis sim
to the present analysis for specific proposed detectors.
will allow us to explore the very important issue of utilizin
energy as well as angular sensitivity, but it will also requ
us to adequately model the expected energy dependenc
various detector backgrounds. Finally, after completing th
analyses, we hope to explore exactly how many events m
be needed to distinguish between halo models, in orde
determine how an eventual WIMP detection may shed li
on the unknown features of our Galactic halo and, thus,

f
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important issues associated with galaxy formation and e
lution.

If a WIMP signal is ultimately observed in terrestrial d
tectors it will provide one of the most important observatio
that has ever been made in particle physics and cosmolog
is thus worthwhile considering in advance not only how o
might best unambiguously disentangle such a signal fr
backgrounds, but also how one might then use this signa
p

he

v.

o-
y
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a probe of astrophysics. Our results provide a useful first s
in this direction.
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