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Weakly interacting massive particle annual modulation signal and nonstandard halo models
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Currently the best prospect for detecting weakly interacting massive parfitl@dPs) is via the annual
modulation, which occurs due to the Earth’s rotation around the Sun, of the direct detection signal. We
investigate the effect of uncertainties in our knowledge of the structure of the galactic halo on the WIMP
annual modulation signal. We compare the signal for three non-standard halo models: Evans’ power-law halos,
Michie models with an asymmetric velocity distribution and Maxwellian halos with bulk rotation. We then
compare the theoretical predictions of these models with the experimental signal found by the DAMA experi-
ment and investigate how the WIMP mass and interaction cross section determined depend on the halo model
assumed. We find that the WIMP mass confidence limits are significantly extended to larger masses, with the
shape of the allowed region in the mass—cross-section plane depending on the model.
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[. INTRODUCTION vide an analytically tractable framework for investigating the
effect of varying halo properties such as the flattening, and
The rotation curves of spiral galaxies are typically flat outhave previously been used to investigate variations in the
to about~30 kpc. This implies that the mass enclosed in-mean total[15] and directional[3] WIMP detection rates.
creases linearly with radius, with a halo of dark matter ex-Another possible modification to the standard halo model is
tending beyond the luminous mattgt]. The nature of the an asymmetric velocity distributidr] and the annual modu-
dark matter is unknowf2], with possible candidates includ- lation of the total[4,16,17 and directiona[16] WIMP sig-
ing massive compact halo object8IACHOs), such as nals have been calculated for various asymmetric velocity
brown dwarves, Jupiters or black holes and elementary padistributions.
ticles, known as weakly interacting massive particles In this paper we compare the variation of the annual
(WIMPs), such as axions and the neutralino, the lightest sumodulation signal for power-law halo models, asymmetric
persymmetric particle. velocity distributions and Maxwellian halos with bulk rota-
WIMPs can be directly detected via their elastic scatteringion. We then examine how the range of WIMP masses con-
off target nuclei. In the long term the directional dependencssistent with the latest DAMA data depends on the halo
of the detector recoil will provide the best means of directmodel assumed.
WIMP detection[3]. Currently the best prospect for distin-
guishing a WIMP signal from the detector background is via
the annual modulation of the signal, which occurs due to the
Earth’s rotation around the sy#,5]. The DAMA Collabo- The WIMP detection rate depends on the speed distribu-
ration[6], using a detector consisting of radiopure Nal crys-tion of the WIMPs in the rest frame of the detectby, This
tal scintillators at the Gran Sasso Laboratory, have recentlis found from the halo velocity distributiori{v) by making
reported a 4 annual modulation signal consistent with the 3 Galilean transformatiov—v=v+v,, where v, is the

detection of a WIMP with mass, =52"3° GeV [7], as-  Earth's velocity relative to the galactic rest frame, and then

suming a Maxwellian halo with velocity dispersion roughly integrating over the angular distributidnin galactic co-

equal to the local rotation velocity,y=220 km s*. ordinates the axis of the ecliptic lies very close to the z
The values of the WIMP mass and interaction cross secplane and is inclined at an angle~29.80° to the¢—r

tion found from the annual modulation Signal are known t0p|ane[16]_ |nc|uding all components of the Earth’s motion,

depend somewhat on the assumed values of poorly knowgot just that parallel to the galactic rotation:

astrophysical parameters. The effects of bulk rotafi®9]

and varying the velocity dispersidi0,9], within the obser-

vationally allowed rangey,=220+40 km s ! [11], have

been examined for a Maxwellian halo. The DAMA Collabo-

ration have subsequently included these uncertainties in the 1. .
analysis of their latest dafa]. wherevy=~232 km s - is the speed of the sun with respect

The standard Maxwellian halo model has a number of© the galactic rest frame,~30 kms *is the orbital speed
deficiencies (for example see Ref[12] and references ©f the Earth around the Sun and=2m(t—1o)/T, with T
therein. The halo may not be spheric&; body simulations
of gravitational collapse produce axisymmetric or triaxial ha-
los, and indeed other spiral galaxies appear to have flattenedThe effect of the Sun’s gravity on the WIMP distribution can be
halos[13]. The power-law halo models of Evan$4] pro-  neglected18].

II. ANNUAL MODULATION SIGNAL

Ve=v, Sinar + (vo+v4 COSa Siny) ¢ — v, COSa COSYZ,

@
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=1 year andy~ 153 days(June 2ng when the component ~ TABLE I. Sox and Sy,  values obtained, by the DAMA Col-

of the Earth’s velocity parallel to the Sun’s motion is Iargest.laborat'on’ from a maximum likelihood analysis of their combined
In the range of masses and interaction cross sections a2t from four annual cycles.

cessible to current direct detection experiments the best mo-

tivated WIMP candidate is the neutralino, for which the Energy (keV) Sox (cpd/kg/keV Sy (cpd/kg/keV

event rate is dominated by the scalar contribution. The dif- gj g'gig'gg 8'?;;8'882
ferential event rate can then be written in terms of the WIMP ) : : ) ' :
cross section on the proton: 4-5 0.08-0.0 0.002-0.001
5-6 0.03:0.01 0.00%0.001
4m’m?
gp=—— X2 ()

2'p
m(mp+m,) The DAMA Collaboration use a maximum likelihood

method to separate the time-independent background from

\c,:vrkc])zrsesrg%t:znﬂl)?] Fsr:zt%r:o?;ﬁsihaggqugfeneigﬁcéygntv\rléﬂpsimEhe WIMP signal and have released the resulting values of
plifies to (see the Appendix for more details Sox and Sy, , and the errors on them, for each energy bin

[7] (see Table)l

drR

R o pos (My+m,)
dE P

Jmug  mim?

where the local WIMP densityy, has been normalized to a
fiducial valuep, 3=0.3 GeV/cnd, such thaté=p,/pg3, E

is the recoil energy of the detector nucleus ari&) is de-
fined ag[19]

2
A*T(E)FA(Q)|, (3

IIl. HALO MODELS

Since the resolution of numerical simulations is not yet
large enough to allow the numerical calculation of the annual
modulation signa[22], we have to use analytic models for
the velocity distribution of the dark matter halo. If the galac-
tic halo contains large amounts of substructure Nasody

Javg (= f simulations appear to indicaf23], then the WIMP detection
T(E)= 0 “d 4 rate may be dramatically altered if we are currently passing
(E) v, (4) :
2 Joppv through a clump of substructure. The extent to which sub-
. o ] structure is actually present in the halo is currently a matter
wherev i, is the minimum detectable WIMP velocity of debate however.

,\ 12 The effect of the halo model on the annual modulation
o E(m,+my) () signal can be assessed most simply, with least recourse to the

Y min 2m2m, detector properties, in terms of the dimensionless function

X

T(E),? as defined in Eq(4). The yearly averaged value of
andmj, the atomic mass of the target nuclei. T(E) depends weakly on the halo moddl5] decreasing

In order to compare the theoretical signal with that ob-with increasing recoil energy, with the decrease being most
served we need to take into account the response of the deapid for small WIMP masses. For each model we plot the
tector. The electron equivalent ener@., which is actually ~annual variation iffl (E):
measured is a fixed fraction of the recoil enerdye.
=(gaE. The quenching factors for | and Na agg=0.09 and
gna=0.30 respectively{20]. The energy resolution of the AT(E)= [T(E)max— T(E)av] @)
detector{8] is already taken into account in the data released T(E)ayv '
by the DAMA Collaboration.

The expected experimental spectrum per energy bin for

the DAMA Collaboration setup is then given bg0] defined such thaAT(E) is taken to be positive iT(E) is
largest in June ¢=0) as found by the DAMA Collabora-
AR (E+AE)/dna ARy, dEc tion, as a function of recoil energy for a Gedetector and
1 (B)=na f aE_ (EedE four values of the WIMP massn, =30,50,100,200 GeV.
dna e Values for other monatomic detectors can be found by re-
(E+AB)q dR, dE e scaling thex axis by ma/(ma+m,)?.
+ rle/q | dEee( e AE’ (6)

. A. Asymmetric velocity distribution
wherer,=0.153 and ;= 0.847 are the mass fractions of Na y &y

and | respectively. An extension of the Michie model can be used as a simple

Sincev>v, the differential event rate in thieth energy ~ model of velocity anisotropy4,16]
bin can be expanded in a Taylor series in @d1]:

AR 2
- The shape of the energy spectrum measured also depends on the
Ew) =Sy kt Sn kCOSa. 7
AE( 2 K K EESE ™ nuclear form factolF (q) however.
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FIG. 1. The annual variation iM(E), AT(E), for halo models FIG. 2. The annual variation i(E), AT(E), for power-law

with asymmetric velocity distributions with=0,0.5,1, from top to  halos withg=1,0.85,0.707, from top to bottom row, for four values
bottom row, for four values of the WIMP masgn, of the WIMP massm, =30,50,100,200 GeV, from bottom to top
=30,50,100,200 GeV, from bottom to top for a Geetector. for a G€&° detector.

F{ 02) p( vesc)l F{ vi+v’ halo, and 1J2=0.707. Following Ref.[15] we take R,
exp ——|—exp ——| |expg —\
0'2 0'2 0'2

9

f(v)=N : =8.5 kpc andRy,=7 kpc and explore the effect of varying

q

The annual variation if(E), AT(E), is plotted in Fig. 2
for q=1,0.85,0.707. The mean value @{E) is slightly
lower for the flattened halos than for the Maxwellian halo.
o . . The change in the annual variation due to flattening is larger
tropic is parametrized by, the standard Maxwellian halo, than that due to an asymmetric velocity distribution, particu-

cut off at the escape veloc_lty,_ is recovered Jox 0. S_|n<_:e . larly so for large recoil energies and small WIMP masses.
the halo is formed by gravitational collapse the deviation is

most likely to be towards radial orbits, with<ON<1 [4].

We takev =650 km s'1, although the effect of variations

in the value of the escape velocity is smia|9]. Halo models with bulk rotation can be constructed by
The annual variation if (E), AT(E), is plotted in Fig. 1  taking linear combinations of the velocity distribution func-

for A=0,0.5,1. The mean value &{E) is slightly higher for  tion [15]:

the asymmetric models than for the standard Maxwellian

where v is the escape velocity and is a normalization
constant. The deviation of the velocity distribution from iso-

C. Bulk rotation

halo model. froV)=amtf (V) +(1—ag)f_(v), (12
where
B. Power-law halos
, . . T . f(v), v4>0,
Evans’ family of axisymmetric distribution functio&4] f (V) :[ ¢ (13)
lead to velocity distribution functions, in the rest frame of the 0, v4<0,
galaxy, of the form{15]
0, U¢>0,
aenz o SH—20I00)%]  exi —2(vlvg)?] f(v):[f(v), 04<0, (14
f(v)=(ARv+B) 5 T > , 4
(R°+RY) R+ RS _ . . .
(10) anda, is related to the dimensionless gallactlc ang_ular mo-
mentum, X1 Ao=0.36a,,—0.5. Numerical studies of
with galaxy formation find thalt\ ;o <0.05[24], corresponding to
0.36<a,,+<0.64. A non-rotating halo hag,,=0.5, whilst a
2\52(1—q?) ( o\ 12 R, counter-rotatingcq-r_otatﬁng hasar0t<0.5 (a,0t>0.$). _
= <_> = = The annual variation if(E), AT(E), is plotted in Fig. 3
T/ Gy’ 7] Golug for Maxwellian halos witha,,=0.36,0.5,0.64. The mean
value for countgico)-rotation is lower(highep than for the
29— 1 non-rotating Maxwellian halo at small recoil energies, and
C=———, (11) higher (lower) at large recoil energies. The change in the
47G v, annual variation, which is suppressegnlarged for
countefco)-rotation, is largest for small recoil energies.
whereR¢ is the core radiusR, is the solar radius angd is a For each of the halo models studied the annual variation is

flattening parameter, which varies between 1, for sphericahegative for small recoil energiesE€4 keV for M,
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FIG. 3. The annual variation iT(E), AT(E), for rotating FIG. 4. Thex=35 contour, delineating the region of — £o
Maxwellian halo models witta,,=0.36,0.5,0.64, from top to bot- parameter space compatible with the DAMA annual modulation
tom row, for four values of the WIMP massm,  signal, for asymmetric halo models wit=0,0.5,1(solid, dashed
=30,50,100,200 GeV, from bottom to top for a Geetector. and dotted lines respectively

=30 GeV, E=30 keV forM,=200 GeV) increasing as gjrect comparison. In any case even if the interpretation of
the recoil energy increases. For fixed recoil energy the anpe pamMA annual modulation signal as WIMP scattering is
nual variation is largest for small WIMP masses. eventually found to be erroneous, our results will still indi-
cate the qualitative effect of these non-standard halo models
on the analysis of a WIMP annual modulation signal.

In Figs. 4—6 we plot contours of= 35, delineating the
region of m -§o parameter space compatible with the
DAMA annual modulation signal, for asymmetric, flattened
nd rotating halo models respectively. In Fig. 4 we see that
s the asymmetry of the velocity distribution is increased the
llowed region is enlarged and moves to larger masses and

IV. ANALYSIS OF THE DAMA DATA

Brhlik and Roszkowskj10] have devised a technique for
comparing the experimental results released by DAMA with
theoretical predictions for the annual modulation signal, in
the absence of detailed information about the experiment
setup, such as the efficiency of each Nal crystal. They defing

a function: slightly smaller interaction cross sections. We saw in Fig. 2
th  cexp2 h _ gexp2 that the change in the annual modulation signal for the flat-
K=2k(so'k_ SO,kp) +2k(smvk_ m,k (15) tened halo model is larger than that for the asymmetry ve-

2 1

ook ThK locity distribution. Consequentially the change in the al-

lowed region for the flattened halo model is smaller,
where the experimental errors on the time dependent anextending to larger masses and slightly larger interaction
independent parts of the signat,,, and o, respectively, ~Cross sections. In Fig. 6 we can see that counter-rotation
serve as weights. The contour, in the,— {0, plane, (a,x<0.5) contracts the allowed region and shifts it to
=35 agrees reasonably well with the DAMA Collaborations smaller cross sections whilst co-rotatiom>0.5) expands
3¢ contour. Whilst this approach does not give accurate conit and shifts it to larger cross sections. This is in good agree-
fidence limits onrm, and{o, it does illustrate the qualitative
effect of varying the properties of the halo model on the —4.5
values of the WIMP parameters obtained from the data. A
full likelihood analysis of the DAMA data has been carried
out for models with bulk rotation in Ref9], allowing us to

check the reliability of Brhlik and Roszkowski’'s technique. g -5 .
Given the experimental difficulties of extracting a small o

annual variation from, possibly time dependent, back-

grounds, concerns have been expressed about the interpreta- 2 .

tion of the earlier(1 and 2 yearDAMA data as evidence for £ =55 .

a WIMP signal[25]. Furthermore the Cryogenic Dark Matter
Search(CDMS) Collaboration have recently released limits
on the WIMP-Nucleon cross section which exclude, at 85%

confidence, the entire DAMA @ allowed region[26]. The A 5'0 —_ 160 —_ 15')0 '
DAMA Collaboration have, however, performed a thorough M, (GeV)

analysis of the various sources of possible systematic errors *

[27] and, since the DAMA and CDMS experiments use dif- FIG. 5. Thex=35 contour for flattened halo models with
ferent target nuclei, assumptions are required to perform &1.0,0.85,0.707solid, dashed and dotted lines respectiyely
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APPENDIX A: INTERACTION CROSS SECTION

|°g1o(§ ) (pb)

L 1 The differential cross section for neutralino scattering off
-5.5 | . a target nucleus is dominated by the scalar and axial terms
I I [29,19,14:

do d a.scalar d a.axial
_ N N 1 N N 1 L N B L I P
6 50 100 150 dg®  do? dg?
v .
My (CV) whereq=(mam,)/(ma+m,)v is the momentum transfered.
The scalar differential cross section, which arises due to
Higgs boson and squark exchange, is giver] 18]

(A1)

FIG. 6. Thex=35 contour for the standard halo model with
a,,= 0.36,0.5,0.64(dashed, solid and dotted lines respectively

The non-rotating halo correspondség,=0.5. dorscalar
. —=—[Zf+ (A-D)JPFq), (A2)
ment with the results of Ref9] on the effect of bulk rota- dg )
tion, which were found via a full likelihood analysis of the . . :
DAMA data wheref, andf, are the effective neutralino couplings to the

proton and the neutron respectively aR@q) is the scalar
nuclear form factor. The form factor for Na is usually taken
V. CONCLUSIONS to be equal to unity, whilst for | the Saxon-Woods form

In this paper we have examined the effect of an asymmef2ctor [30]
1(gR

ric halo velocity distribution, halo flattening and bulk halo 3] 1)
rotation on the WIMP annual modulation signal. Whilst for F(a)= —Rexq—(qs)ZIZ], (A3)
each of the halo models the change in the mean signal is R
small, <10% for the range of recoil energies probed by thewhereR,= ‘/RAZ_SSZv Ry=AY"x1.2 fm ands=1 fm, is
DAMA experiment, the amplitude of the annual modulation ysed.

can change significantly. The magnitude of the change de- The axial differential cross section, which arises duggo
pends on the WIMP mass and recoil energy, as well theind squark exchange, is given 9]

nature of the deviation of the halo model from the standard

Maxwellian halo. With bulk rotation the change in the an- do @@ )

nual variation, relative to the Maxwellian halo model, is larg- 9 — A JI+1)S(a), (A4)
: ; . . q m

est for small recoil energies, whilst halo flattening produces

the largest change for larger recoil energies. wherel is the total angular momentur8(q) is the spin form

The range of WIMP masses consistent with the DAMA factor andA depends on the axial couplings of the neutralino
annual modulation signal is enlarged significantly, to roughlyto the quarks(see Ref.[19] for more details and explicit
30<m, <150 GeV at ¥, for each of the models consid- expressions
ered. The shape of the allowed region in the— £o, plane The differential event rate for a given detector can then be
is different for each model however. This indicates that theexpressed afl9]
uncertainties in halo modelling have a significant effect on

the WIMP mass determined from the annual modulation sig- dR 4 p, 2e2

nal. Therefore more sophisticated halo modslgch as those dE 32 m_XT(E){[pr+(A_Z)fn] F(a)

in Ref.[28]) need to be developed and used in the analysis of

annual modulation data. +8A2J(J+1)S(q)}. (A5)
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