WIMP Annihilation in the Solar Neighborhood:a Study of

Optimal Bin Size and Comments on Background Methods

T.J. Haines

LANL, January 3, 2000

For a verylo ng time, many different exper iments have indir ect lysearched for evidence of

Weakly I nteracting Massive Particles ( WIMPs, here denoted c ) bylooking for evidence oftheir annihilat ion products. Perhaps the most commo n example is the search for neutr inos fro mWI MP annihilat ion in the Sun and in the Earth. Needless to saythat no such evidence has yet been found in part perhaps because ofthe difficult yin detecting what turns out to be a relat ively weak neutrino flux. Many people have discussed the possibilit y ofindir ect detection byseeing the annihilat io n line (or annihilat ion spectrum) due to e.g. cc ® gg or similar finalstates. Steven Strausz has suggested detection ofthis signalbylooking in the neighborhood ofthe Sun for the annihilat ion gamma-rays. Inthis note, I explore the appearance ofthe signalaround the Sun so that we can begin to develop an idea ofhow to search for the signal.

Calculation o fthe distribut ion of WIMPs in the Solar S ystemis a difficult proposition.

The precise distribut ion will depend upon some known and so me unknown quant it ies. I willnot explore all ofthe possibilit ies and parameters that are relevant for this problemin this note as Roman, Lazar, S. Habib, G. Jungmann and I are doing a numer icalstudy.

Instead, I want to get an idea ofhow the signal around the Sun might look , assuming there is a detectable flux ofgamma-rays in the so lar neighborhood. With this infor mat ion, we can begin to formulate methods ofattacking this difficult analysis problem.

Wit hout a detailed understanding ofthe distribut ion of WI MPs in the Solar S ystem, I will assume the distribut ion ofannihilat ions around the Sun can be parameter ized naively as a power-law b

R

r a r P

-

*

÷ ÷ ø

ö ç ç è

æ

= ) ( where R * is the so lar radius and b is so me parameter that describes how the annihilat ion rate decreases with increasing distance fromthe Sun; the parameter a has units o fe.g. s -1 cm -3 . Clear ly I amignoring anyaccumulat ion of WIMP s in the Earth´s gravitat ional potential, any perturbations caused by planets, and amassuming the annihilation is spher ically symmetr ic around the Sun and decreasing as distance away fro mthe Sun.

The WI MP signal, ifpresent, must be extracted fromthe region around the Sun.

Complicat ing this analysis is the presence ofthe distorted, shifted cosmic-ray Sun shadow. The shape ofthis shadow willhave to be understood in some detail. Less well known is the gamma-raysignalfro mthe Sun due to p 0 ´sproduced in helioat mospher ic interact ions ofcosmic rays; the gamma-rays are produced near the Sun´s limb. Seckel,

Stanev and Gaisser [ Astroph. J. 382, 652(1991)] have studied this in some detail and

2

predict an integralflux of~10 -8 ˘ 10 - 9 cm -2 s -1 above 10 GeV, with a cosmic-raylike spectralindex; this signalshould be detectable by Milago, and is worthyofstudyin its own right. It will also provide important infor mat ion to aid out understanding ofthe so lar shadow. Moreover, the WIMP signalhas a distinctive energy spectrumthat should make it separable fro mthese effects. The solar shadow and helioat mospher ic gamma- ray effects are left for later study. Inthis note, I aminterested in understanding the appearance ofthe WIMP signalin the region around the Sun. I willonly give a single example ofthe effects of Milagro´s angular reso lution.

Analytic Calcu lations & Numerical Resu lts

We are interested in the totalgamma-ray flux at Earth fromWIMP annihilat ion. Given l as the line-of-sight distance fro mEarth, we can write ( in spher icalcoordinates with the

Earth-Sun line as the z-axis)

1 . ) (

2 ) (cos

4

) (cos ) (

2

2 eq r

l d aAR d

dN

or

r l

d d l d l aAR dN b

b

b

b

*

*

=

=

J g p j J

g

where A is an area element on Earth, and the l 2 in the numerator (denominator) is fro m

the spher ical volume element (solid angle ofarea A at a distance l), and again r is the

distance from( l, q , j ) to the Sun´s center. This needs to be integrated from l = 0 (at Earth)

to infinit yunless the direct ion is point ing at the Sun´s disk, in which the upper limit to the

integrat ion is L * (the distance to the Sun, 1 AU). Using the law-o f-cosines,

J cos 2 2 2 2 lL l L r * *

- + =

which can be subst ituted into the above expressio n eq.1

[ ] 2 .

cos 2

) (

2 ) (cos max

0 2 2 2 eq

l L l L l d aAR

d dN l

b b ò

* *

*

- +

=

J J g

I was not able to analyt ically integrate eq. 2, so instead I have resorted to an analyt ic

approximat ion to the integral, and a numer icalintegrat ion.

One would expect the largest contribut ion to this integral to come fro m l @ L * when r is

the smallest. So, writ ing l= L * (1+ d ), r 2 @ 2 L * 2 (1+ d )(1-cos J ) which is a good

approximat ion for (L * d ) 2 << 2 L * 2 (1+ d )(1-cos J ). Using the approximat ion (1-cos J ) @

J 2 /2, which willalways be a good approximat ion for the problem at hand, one can show

that the limits on d are between ± J , which will be our limits ofintegrat ion (note for

J < J

su n

, this is not a good approximat ion). The integralcan then be per for med with the

result

2

1

1

ln

1

2 ) (cos

2 1

) (cos

1 1 2 1

1 1

= » ú û ù

ê ë é

-

+

=

¹ =

- -

*

*

-

*

*

- -

*

*

b for

L aAR

L aAR

d dN b for

L aAR

d dN

b b b

b b b b b

J J

J

J J g

J J g

The analyt ic calculat ion gives dN g / d( cos J ) μ 1/ J

(b-1 ) for allvalues ofb. This result can

be checked wit h a precise numer icalcalculat ion, as shown in the fo llowing figure

It is fair ly clear that, outside ofthe direct ion to the sun ( @ 0.25 ° ), the numer icalintegrat ion

and the analyt ic approximat ion are in excellent agreement (you maynot be able to see the

differences ofthe two distr ibut ions that areover laid on each other). The analyt ic result

was nor malized to the numer icalresult at the sun´s posit ion; the numer icalresult s

throughout are normalized to a flux o fone unit at the center ofthe sun.

Since the analyt ic result is ver y accurate, I willuse it to studythe optimalbin size and

signalefficiency. The optimal bin size is, as usual, that bin which optimizes the signalto

sqrt (background), where as ment ioned above I will be ignor ing ( for now) effects due to

Milagro´s angular resolut ion and the shape ofthe sun´s shadow. (N.B. The shadowing

due to the sun is an effect ofat most ~( J sun / J ) 2 , where J is the angular cut made around

the sun´s direction. It willdecrease the background byat most this value because the

helio magnet ic cutoffwill lessen the size ofthe decrease, and the shift ofthe shadow´s

posit ion w.r.t the sun´s direct ion will also lessen the size ofthe decrease about the sun´s

posit ion. We will find an optimal bin o f~3 J sun , which means this is ~10% reduction in

0 . 0 0 1

0 . 0 1

0 . 1

1

1 0

0.10.50.91.31.72.12.52.93.33.74.14.54.9

T h e t a - S u n ( d e g ) .

Rel. Flux

2

4

6

P o w e r - la w " b " the background level that must be accuratelytaken into account.) Letting the optimal be

defined by the maximum of

÷

ø ö ç

è æ

÷ ÷

ø ö

ç ç

è æ

-

»

-

¶

¶

μ =

- - ò

2

1 1 *

cos 1 cos

cos

) (

) ( 3 3

0

J

J J

J

J

J

J

J

J g

b b

sun const d

N

B

N S

( for b ¹ 3). Solving for the maximum ( minimumif b £ 2, which I will ignore from

hereon), I find the optimal bin size to be

( )

3 *

3

2 ) 3( 1

= @

¹

-

@

-

b e b

b

sun opt b sun

opt

J J

J

J

byso lving ¶ N g / ¶ J =0. A graph ofthe optimalbin is shown here:

One fact may be ver yimportant to note here. That is that there may be a ver ylarge

amount ofthe signaloutside o fthe optimalbin. Typically we are concerned with the

case where there is a moderate (~1/3) amount ofsignal just outside ofthe optimalbin. In

this case, there may be much more. Using the analyt ic approximat ion, I find

3

" " ln

1

) (

) (

3

1

2

) (

) (

=

÷ ÷

ø ö

ç ç

è æ ¥

@

¥

¹

-

-

@

¥

b

N

N b

b b

N

N

sun opt opt

J

J

J

0

2

4

6

8

1 0

1 2

1 4

2.12.42.73.33.63.94.24.54.85.15.45.76

P o w e r - l a w

Analytic approx. best bin/Rsun so that we may have ~50% or more ofthe signal extending welloutside o fthe analysis

region. This will make not onlyest imat ion ofthe true flux difficult, but perhaps more

importantly the true background level maybe ver y difficult to estimate because o fthe

large extended signal^halo~ ofgamma-raysignalaround the sun.

Angular Resolution Effects

To include the effects offinite angular reso lution, I have resorted to a completely

numer icalcalculat ion. As an example, I use the angular reso lution appropriate for

Milagr ito, provided by J. McCullough, for N fit >40 cut. The resolut ion funct ion is shown

here:

The long tailon the resolut ion funct ion extends the size ofthe ^ha lo~ ofthe signal around

the sun. Using this situation as an example, I show the expected distr ibution o fsignal

around the Sun for var ious assumed power-law distribut ions in this figure

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.10.50.91.31.72.12.52.93.33.74.14.54.95.3

Angle (deg)

Rel. Prob.

0

0 . 2

0 . 4

0 . 6

0 . 8

1

1 . 2

0.91.82.73.64.55.46.37.28.19.9

T h e t a S u n ( d e g . )

Relative dN/d(costh)

b = 2

b = 2 . 4

b = 2 . 8

b = 3 . 2

b = 3 . 6

b = 4

b = 4 . 4

b = 4 . 8

b = 5 . 2

b = 5 . 6

b = 6

For the relat ively flat power-laws b @ 2, there is a great dealofsignalfor a large distance

awayfro mthe Sun (note the cutoffat ~10 degrees is an artifact ofhow I cut the

integrat ion off). For b>4, this is not a large effect.

Summary

I have presented detailed analyt ic and numer ical calculat ions ofthe shape ofthe gamma-

raysignalaround the Sun for a var iet yofmodels ofthe actualWIMP annihilat ion

distr ibut ion. It is clear fro mthese studies that the signal maybe distr ibuted over a large

part ofthe sky. As po inted out in a previous memo, a sensit ive search for a weak flux of

gamma-rays is laden with potentialsystemat ic pit falls in the background est imat ion

method; the problemis co mpounded here by the extent ofthe signalregio n and the

presence ofother ^signals~ in the Solar neighborhood.