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Abstract

DarkSUSY is a program package for supersymmetric dark matter calculations. This manual de-
scribes the theretical background as well as details about the actual routines. Everything is not
covered, but it should hopefully prove useful if you need more information than in our published
articles.

Disclaimer. This manual is work in progress.

We try to keep it clear and upto-date with the code, but there will be cases where
changes/improvements in the code, for one reason or another, will not have propagated
into the manual. Hence, check the actual code if you want to be certain about how a
given process/feature is implemented.
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Chapter 1

Introduction

DarkSUSY is a set of Fortran routine to make calculations for supersymmetric dark matter in
the Minimal Supersymmetric Standard Model, the MSSM. The physics involved is covered in the
DarkSUSY paper [1]. In this manual we will mainly cover the more techincal aspects of DarkSUSY,
i.e. how to call different subroutines and how to change switches and options. We will only briefly
review the necessary physics involved when needed and refer the reader to [I] and the original papers
behind DarkSUSY [2] for more details. If you use DarkSUSY please consider the original physics
work behind and give proper credit to [I] and the relevant references in [2]. If you use non-standard
options, e.g. a different propagation model for antiprotons, please remember to give proper credit
to that model.
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Chapter 2

Main programs

DarkSUSY is primarily a library that is intended to be used with your own main programs. However,
to get you started, we supply a few sample programs in the test directory. These can be used as
they are, but they are also extensively commented to help you understand which routines you are
supposed to call for the most typical calculations. The programs in test are

dsmain A main program that asks for MSSM or mSUGRA model parameters and calculates
accelerator constraints, relic density and various rates for that model. This program is good
as it is for quick calculations for a small set of models. It is also a good starting point for
making your own main programs. Just read through the code and its comments.

dstest A test program that performs roughly the same things as dsmain, but instead reads a
handful of MSSM models from a datafile. This program is mainly intended to test that your
installation works as expected, however this program is also as commented as dsmain and can
be used to learn about which DarkSUSY routines to call.

dstest-isasugra Like dstest but for mSUGRA models.

dstest-galprop Like dstest, but uses galprop for the charged cosmic ray calculations instead of the
internal routines.

dstest-galprop-one A special version of the galprop interface for machines where memory leaks (in
galprop) causes dstest-galprop to crash before it has calculated all the Green’s functions.
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Chapter 3

(General remarks on notation

In an attempt to keep this manual reasonably easy to follow we will need to specify our notation.
We will use the following convention for fonts,

Convention for fonts

text This font is used for normal text.

variable This font is used for variables or other things in the code that is mentioned.

routine This font is used for subroutine or function names or for header file names.

dump This font will be used for screen dumps of outputs.

input This font will be used for user input, i.e. where you are supposed to write
something.

Subroutines and functions will be described with the following structure

subroutine example(inl,in2,in3,in4,in5,in6,in7,0outl)

Purpose: Here the routine will be explained.

Inputs:
inl i This is an input argument, declared as integer.
in2 r  This is an input argument, declared as real.
in3 r8  This is an input argument, declared as real*8.
in4 ¢ This is an input argument, declared as complex.

in5  ¢16  This is an input argument, declared as complex*16.

in6 ch2 This is an input argument, declared as character*2.

in7  ch*  This is an input argument, declared as character*(*).
Outputs

outl r8 This is an output argument, declared as real*8

where the shorthand notation for the type of the arguments is indicated. For functions, the type is
indicated on the first line,

function fun(arg) r8
Purpose: Here the function will be explained.
Inputs:
arg i~ This is an input argument, declared as integer.

i.e., in this case the function is declared as real*8.

The subroutines always reside in a file with the same name as the subroutine/function. Rou-
tines that belong together are put in separate subdirectories in the src directory. The different
subdirectories are

Subdirectories in src/
ac accelerator constraints
an driver routines for neutralino and chargino annihilation

11



12

anll
anstu
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CHAPTER 3. GENERAL REMARKS ON NOTATION

1-loop neutralino annihilation amplitudes

tree-level neutralino and chargino annihilation amplitudes

direct detection and neutralino scattering

positron fluxes from the halo

general routines

yields of halo annihilation products (from Pythia simulations in vacuum)
halo models

driver routines for rates from the halo

internal bremsstrahlung

initialization routines

neutrino and muon yields from the neutralino annihilations in the Earth/Sun
(from Pythia simulations in medium)

driver routines for rates and fluxes in neutrino telescopes

antiprotons from annihilation in the halo

relic density routines (general)

driver routines for neutralino relic density

general MSSM routines, couplings, masses, etc.

routines from CERNLIB

routines from CMLIB

Common blocks are all declared in header files in the inc directory. When discussing switches and
parameters in common blocks we will, instead of describing the common blocks in detail, mention
which header file they reside in. If you want to access these variables, you should then include the
corresponding header file. E.g., it can look like this

Example parameters in headerfile.h

Purpose:
parl

Description of this set of variables.
Description of a real*8 parameter.



Chapter 4

src/ac:
Accelerator bounds

4.1 Accelerator bounds

DarkSUSY contains a set of routines to check if a given model is excluded by accelerator constraints.
These routines are called dsacbnd[number]. The policy is that when we update DarkSUSY with
new accelerator constraints, we keep the old routine, and add a new routine with the last number
incremented by one. Which routine that is called is determined by calling dsacset with a tag
determining which routine to call. To check the accelerator constraints, then call dsacbnd which
calls the right routine for you. Upon return, dsacbnd returns an exclusion flag, excl. If zero, the
model is OK, if non-zero, the model is excluded. The cause for the exclusion is coded in the bits of
excl according to table 1]

excl
Bit set Octal value Decimal value Reason for exclusion
0 1 1 Chargino mass
1 2 2 Gluino mass
2 4 4 Squark mass
3 10 8 Slepton mass
4 20 16 Invisible Z width
5 40 32 Higgs mass
6 100 64 Neutralino mass
7 200 128 b— sy
8 400 256 p parameter

Table 4.1: The bits of excl are set to indicate by which process this particular model is excluded.
Check if a bit is set with btest(excl,bit).

13



14

CHAPTER 4. AC: ACCELERATOR BOUNDS



Chapter 5

src/an:
Annihilation cross sections
(general, y" and y¥)

5.1 Annihilation cross sections — theory

For the relic density calculations, we need all possible (co)annihilation cross sections between neu-
tralinos, charginos and sfermions.

5.1.1 Annihilation cross sections

We have calculated all two-body final state cross sections at tree level for involving netralinos,
charginos, sneutrinos, sleptons and squarks in the initial state. A complete list is given below.

Since we have so many different diagrams contributing, we have to use some method where
the diagrams can be calculated efficiently. To achive this, we calculate the diagrams with general
expressions for vertices, masses etc so that they can be reused for other processes. How we do this
in practice differs a bit between different sets of annihilation diagrams.

For neutralino-neutralino, neutralino-chargino and chargino-chargino annihilation, we classify
the diagrams according to their topology (s-, t- or u-channel) and to the spin of the particles
involved. We then compute the helicity amplitudes for each type of diagram analytically with
REDUCE [71] using general expressions for the vertex couplings.

The strength of the helicity amplitude method is that the analytical calculation of a given type
of diagram has to be performed only once and the sum of the contributing diagrams for each set of
initial and final states can be done numerically afterwards.

For the diagrams involving sfermions, FORM is used to analytically calculate the amplitudes.
This output is then converted into Fortran with a PERL script, form2f [T73].

5.1.2 Coannihilation diagrams

All Feynman diagrams for which we calculate the annihilation cross section are listed in the coming
sections. s(z), t(z) and u(x) denote a tree-level Feynman diagram in which particle z is exchanged
in the s-, t- and u-channel respectively.

The convention used in this list of included coannihilation diagrams is that if a sfermion is
denoted f , then it’s antiparticle is denoted f *,

15
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5.1.3 Neutralino and chargino annihilation

Indices 4, j, k run from 1 to 4, and indices ¢, d, e from 1 to 2. u, @, d, d,v, v, 0,0, f and f are generic
notations for up-type quarks, up-type squarks, down-type quarks, down-type squarks, neutrinos,
sneutrinos, leptons, sleptons, fermions and sfermions. A sum of diagrams over (s)fermion generation
indices and over the neutralino and chargino indices k and e is understood (no sum over indices
i,J,¢,d).

Neutralino-neutralino annihilation

Initial state Final state Feynman diagrams
H\Hy, HiHy, HyHy, HsHs (X)), u(x}), s(Hi2)

H1Hs, HoHj t(xY), U(X%)v s(Hs), s(Z°)
H7H+ t(X:)a u( ) (Hl 2)7 (Z )
Z°H,, Z°H, (D), u(x)), s(Hs), 5(2°)
X0X0 70 Hy t(xh), ulx); S(thy, 2)
W-Ht, WHH- txg ), w(xd), s(Hiz2,3)
VAV A t(x%) U(Xg)a S(Hl 2)
wow Hogh), ulxt), s(Hrz), s(2°)
ff t(fr.r), u(fr.r), s(Hi23), 5(Z2°)
Neutralino-chargino annihilation
Initial state Final state Feynman diagrams
HYHy, HYHy  t(x}), u(xd), s(HT), s(WT)
H*Hs, tOR), u(xd), s(W+)
WHHy, WHHy  t(x), u(x), s(HT), s(W+)
W+H3 t(X%)v U(Xj)a S(HJr)
XX H*Z° txp), u(xd), s(HT)
yH* t(xd), s(H*
w20 tx), u(xt), s(W)
YW+ txg), s(W™)
’LLJ t(@L,R)y u(ﬂL R), S(H+), S(WJr)
vl t(lr.r), u(vr), s(HT), s(WT)
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Chargino-chargino annihilation
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Initial state Final state

Feynman diagrams

HiHy, HiHy, HyHy, H3H3  t(x7), u(x), s(Hi2)
HlHB; H2H3 t(Xj)v U(Xj), S(H3)7 S(ZO)
HYH~ t(xY), s(Hi2), s(Z2°7)
Z°H,, Z°H, t(xd), uxd), s(Hs), s(2°)
ZOH3 t(Xj)’ U(Xj)’ S(Hl,Q)
HJrWi, WJrHi t(X%), S(Hl_rgyg)

Xdxg 7°7° txd)s w(xd), s(Hiz)
WHw- t(x), s(Hi2), s(Z2°7)
77 (only for ¢ = d) txd), w(xd)
Z% t0x)s u(xd)
uu f(dL,R), S(H1,273), S(Z ,’)/)
1%7% t(gL,R), S(ZO)
(%d t(ﬂLyR , S(Hl_rgyg), S(Z ,’y)
EE t(ﬂL), S(Hl_rgyg), S(ZO,")/)
HYH* t0xp)s u(xy)

XXy HTW+ t0xp)s ulxy)
wrw+ tOR), u(xp)

5.1.4 Squark-squark annihilation

Note: The tables below are not entirely up to date, more processes are included than

shown in the tables.

We will here denote squarks as ¢, and (jg where 7 and j are the family indices and a and b are
the mass eigenstate indices (running from 1 to 2). k and ! will also be used as family indices for
processes including more squarks. Colour indices are suppressed. %’ is used as a generic notation for
any up-type squark where i denotes the family index. Down-type squarks are denoted analogously.

Note that we will not (except in rare occations) show processes for 7 and l separately since they
can easily be obtained from the squark processes by replacing 4 with  and d with £ (and noting
that we only have one mass eigenstate for the . Also note that the 7 — /—sector is assumed not to

be flavour-changing.
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d.d* annihilation

Initial state Final state Diagrams Note
dody Yy 2 t(di), u(di2), p
‘%clzdjw* z27 (dl 2) (d1 2) (H17H2)
dgdy” W-w+ (Hl,Hg,Z ’y) (ul 2) k=1,2,3
didy’ ZHs, ZH (d1 2), uldi2), s(Z, Hs)
dody” ZHs t(di ), u(di, ), s(Hy, Ha)
dedy” vHz, vHi1, vHs t( ~11,2)7 u(di »)
dody” HzHz, HiHi, HiHy  t(di ), u(di ), p, s(Hi, Ha)
({Z({Z* f]gf]g7 H1H3 S(Z7 H3 s t( 3’2), u(dﬁ’2)~
(%fz(%;)* H3Hj 8(H17H2) b, (d21,2)7 U(diﬂ)
didi w-H s(Hy, Ha, Hs), t(i} 5) k=1,2,3
di di* H H* s(Hy, H2, Z,7), p, t(if 5) k=1,2,3
didy fI(F#d) S(H{ HS, HY, 2,9, g1, t0) 1) f = u* (k= 1,2,3), )
Not for f = v, ) Only for
o squarks/quarks
didi d'd s(Hy, H2, Hs, Z,v,g"), t(X%,§") 1) Only for squarks
d.di Zg t(d~§,2), u( ~ﬁ,g),p Only for squarks
ciflci},* g9 t(cﬁ,g), u( ~§,2)7 s(g9),p Only for squarks
d. di gy t( 12), u( ~1172),127 Only for squarks
ciflci},* gH1,gH>,gHs t(cﬁ,g), u(cillg) Only for squarks
did]* annihilation (i # 7)

Initial state Final state Diagrams Note

didl* WHW-= t(ah o)t Not included at present

didl* W+TH- t(ah )t Not included at present

cifchi* HYH~ t(ah )t Not included at present

@@j did t(x%,g") 1) Only for squarks

did;’ uFal t(xd) Ounly k = i,l = j at present

d’.d} annihilation

Note
1) Only for squarks

Final state
did}

Initial state
dyd,

Diagrams

did] annihilation (i # j)

Note
1) Only for squarks

Final state
dtd?

Initial state
dfl di

Diagrams

t(x2,3")

ﬁflﬁz* annihilation
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Initial state Final state Diagrams Note

ﬁf}ﬁff ' 2yt t(ﬁ'@), u(ﬁb), p 1) Not for &

ﬂ;ﬂg* Z7Z t(ﬂll,2)7 u(all,2)7 D, S(H}7H2)

i 1y wowt p, s(H1, Ha, Z,4"), u(df 5) k=1,2,3, 1) Not for 7

i, ity ZH,, ZH, t(i1f,2), u(iti »), s(Z, HJ) 1) Not for &

AL ZHj (@l o))", (it o)t s(H, H2) 1) Not for &

gy vH;, vH{, vH] 8@l 2), u(@lz) ) Not for 7

ﬂ;ﬂ}; H>H,, HiHi, HiH> t(42), u(d] 2)7 p, 5(H17H2)

al s HyHs, H Hs s(Z, HY), (@5 2)F, u(@l o) 1) Not for &

al s HsH; s(Hy, Ha), p, (@ 5)7, u(@l o) 1) Not for &

abal W-H* s(Hy, Ha, H}), u(d} 5 k=1,2,3, 1) Not for &

g HYH™ s(Hi1, Ha, Z,7"), p, t(d} 2) k=1,2,3, 1) Not for &

g g FI(f #u) s(HY HY HY 2,47 gh), () 1) Not for 7, %) If f = d*
(k = 1,2,3), §) Only for
squarks/quarks, x) Not for

o y v
U Uy u'a’ s(H, Hy Hy', Z,v*,g"), t(%2,§") %) Not for v, }) Only for
o ) ) squarks

T Uy Zg (] 2), u(tl 2),p Only for squarks

T Uy g9 (a1 2), u(1,2), 5(9),p Only for squarks

T Uiy gy t(a] 2), u(tl 2),p Only for squarks

Ug Uy gH1,9H2,gH3 (] 2), u(t 2) Only for squarks

@' a]" annihilation (i # 5)
Initial state Final state Diagrams Note
il WHWw- t(d} o) Not included at present, 1) Not for ¢
ﬂflﬂ{)* W+TH- t(c{]f,Q)T Not included at present, t) Not for £
ﬁfldi* H+H_ t(dy o)t Not included at present, 1) Not for £
ﬁfldi* u'e’ t(x%, 9" 1) Only for squarks
al " drd t(x1) Only k =i,l = j at present

&fldg annihilation

Initial state Final state Diagrams Note

=i i
U, Uy,

u'u®

t()}g,gT), u()}g,gT) 1) Only for squarks

@' 4] annihilation (i # j)

Initial state

Final state

Diagrams Note

~i ~J
gy,

u'ut

t(x2, 9"

1) Only for squarks
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CHAPTER 5. AN: ANNIHILATION CROSS SECTIONS (GENERAL, x° AND x7)

Initial state Final state Diagrams Note

al dir HYHy, H"Hy  t(dS ), u(@l,), p, s(WH, HT)

il dir H+H; t(ds ,), u(@l ,)f, p, s(WH) 1) Not for £

agcig* ~yHT t("ﬁ)t u(cizu), s(HT) 1) Not for /

i dy ZH* 11 5), u(di o), s(HY)

i WHHy, WHHy  t(d3 ), u(@l ), s(W+, H*)

a;&;j W+ H, t( 12), u(&zm) , sS(HT) 1) Not for ¢

’afzjlzz* WJDY t( ~li,2)7 u(’aliﬂ)'ra S(WJr)v p T) Not for Z

%Czé* wtZz t( E,Q)a u &172), s(W+), p

! di* uFd s(HY, W), t(x9,,gh)oike" 1) Not for £, ) Only k =
~ ~ at present

aldi* Wty t(df o), u(df o), p Only for squarks

il di gH™ (@i o), u(di 5) Only for squarks

ﬁidi* annihilation (4

7 J)

For squarks we can have the following processes

Initial state Final state Diagrams Note

aldl* HYHy, H Hy  t(d],), u(@l,), p, sOW*, HT) Not included at present
atdi” HtHjy t(d] 5), u(@f o), p, s(WT) Not included at present
ﬁflc{{)* Hty t(dy ), u(al o), s(HT) Not included at present
ﬂflcﬁ,* H*Z t( iQ), u(ah o), s(HT) Not included at present
ﬂgd{f WHH, WHHy  t(d] 5), u(ah ), sOW+, HT) Not included at present
ﬂ;d{,* W+ Hs t( :3172), u(ah o), s(HT) Not included at present
ﬂflcg* Wty t( 31.72)’ u(af o), sWH), p Not included at present
Ugdy” Wtz t(d] o), u(if o), s(WF), p Not included at present
a'di” uFd s(HY, WH)T (XY, §)6% 67! 1) Not included at present

whereas for sneutrinos and sleptons, we can only have the process

Initial state Final state Diagrams Note
ey Vi t(xY)
il d} annihilation
Initial state Final state Diagrams Note

~i Ji
uydy

ukd!

t(Xp, g1)8% 8%, u(xd)”

1) Only for squarks, *)
Only i = k =1 at present

@l d) annihilation (i # 7)

Initial state

Final state

Diagrams

Note

~i 77
g, dy

ubdl

t(X> 51000, u(XE)

1) Only for squarks, X)
For ol only when i
l,j =k, x) Only included
when ¢ l,j k at
present
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5.1.5 Squark-neutralino annihilation

Note: The tables below are not entirely up to date, more processes are included than
shown in the tables.

We will here denote squarks as @, and CZZ where 7 is the family index and a is the mass eigenstate
index (running from 1 to 2).

&Z}Z? annihilation

Initial state Final state Diagrams Note
XY Vui. s(u'), t(af o) ) Ouly for squarks
qxé’ Zu' . s(u'), 1@ 5), w(xy)
~an0 Hyu', Hau' s(uh)t, t(u1 o), w(X%) 1) Only for squarks
X Hsu* s(ud)f, t(a} 2)T, u(x) 1) Only for squarks
e X3 wdk s(i), t(d,), u(¥d) ko= 1,23, @R —
. . W—d" in the code
i Xy Hd* s(u'), t(dy o), u(XE)  k=1,2,3,ug'x) — H~d"
i <0 ; . » in the code
WhX) gu' s(u'), t(a o)
di % XJ annihilation
Initial state Final state Diagrams Note
dl 0 ’ydl S(dz)a t( j,2)
&5 Zd s(d), td ), u(x)
dix 0 Hldf, Hyd' s(dzl), t(‘ﬁg)v u(x?)
iyt Hyd (@), Hd}), u(x)
2.5 wouk s(d), t(af ), u(xd) k=1,2,3
di Xy H~uF s(dh), t(af,), u(xd) k=1,2,3
dax? gd' s(d'), t(di5)

5.1.6 Squark-chargino annihilation

Note: The tables below are not entirely up to date, more processes are included than
shown in the tables.

We will here denote squarks as ¢ where i is the family index and a is the mass eigenstate index
(running from 1 to 2).

@i x+ annihilation

Initial state Final state Diagrams Note
ﬂ}lf(j Wk t(d} ,), ()}2)5”‘” Only k =1 =i at present
alxr Htuk (cll1 o), u(x2)6%  Only k =1 =i at present
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Nz* ~+ . . .
' X+ annihilation

Initial state Final state Diagrams Note
Uy XE Zd"* s(d¥), t(a) ), u(xy)  k=1,2,3
al yd* s(d*), t(ﬁi:Q)T, u(xt) k=1,2,3,7) Only for squarks
alr s HydF, Hod®  s(d¥), t(d} ), u(xd) k=1,2,3
al Hsd" s(d®), t(ad )t u(xf) k=1,2,3, 1) Only for squarks
atxr Wtak s(db), u( ~27)5“C Only k =1 =i at present
al H*uk s(dh), u(x0)s%* Only k =1 =i at present
al gd* s(d*), t(al) k =1,2,3, only for squarks
di X+ annihilation
Initial state Final state Diagrams Note
dix+ AT s(u), t(czliz), u(x¥) Only k =i at present
dix+ yuF s(uf)T, t(czlig), u(xF) Only k =1 at present, 1) Only for squarks
dixt Hyuk, Hyu®  s(uF)f, ¢(ds ,), w(XF) Only k =i at present, 1) Only for squarks
dix+ HiuF s(uf)T, t(czlm), u(xF) Only k =1 at present, 1) Only for squarks
dix+ W+d* s(ul), u(x2)o Only k =1 = i at present
dixt H*dx s(ul), u(x2)o Only k =1 =i at present
dixt guF s(uk), t(d) Only k = i at present, only for squarks
JZ*)Z;F annihilation
Initial state Final state Diagrams Note
di*x+ Wwd* t(ah 5), w(x2)6*  Only k =1 =1 at present
di*x+ H*d* t(@ 5), u(x2)6*  Only k =1 =i at present

5.1.7 Degrees of freedom

We have to be careful with the internal degrees of freedom, g, of the particles. We can either treat
e.g. a x; and a x; as two separate particles with two degrees of freedom each, or we can treat
them as one particle Xzi with four degrees of freedom. The latter approach has an advantage that
we simplify our expressions for the effective annihilation cross sections when coannihilations are
needed. Hence, we use that approach here. For a more detailed discussion about this, see Section

23.1.4

5.2 Annihilation routines - general remarks

The annihilation cross section routines is divided into several parts, mostly for historical reasons.
The layout is roughly as follows:

src/an Here we keep the main routins for both neutralino- neutralino annihilation cross sections
and the effective annihilation cross section in the relic density calculations. The steering
routines for neutralino and chargino coannihilations are also kept here.

src/anstu Here keep the t—, u— and s— diagram expressions for fermion-fermion coannihilations
(i.e. neutralino and chargino coannihilations).

src/as Here all the coannihilation cross sections including sfermions are kept.

We will here describe the src/an-routines.
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5.2.1 General routines

The general routine to call for an effective annihilation cross section (to be used for relic density
calculations) is dsanwx, which returns the invariant annihilation rate (integrated over cosf). The
actual cross section, differential in cos @ is calculated by dsandwdcos which includes all the coanni-
hilations needed. This is set up in rn/dsrdomega which determines which coannhilating particles
to include.

For other applications where the annihilation rate is needed, e.g. annihilation in the galactic
halo, one can call the specific annihilation rate routine directly. The main one is dsandwdcosnn
for neutralino-neutralino annihilation. To simplify this task, we supply a routine dssigmav which
calls dsandwdcosnn for neutralino-neutralino annihilation at zero relative velocity and returns the
result, either as the total annihilation cross section, or the cross section for a specific channel. See
the header of dssigmav for details.

5.2.2 Neutralino and chargino (co)annihilation cross sections

The routines dsandwdcosnn, dsandwdcoscn and dsandwdcoscc calculate the annihilation cross
sections (returning the invariant annihilation rate) for neutralino-neutralino, neutralino-chargino
and chargino-chargino annihilations. Which particles the cross section is calculated for is given by
particle indices as defined in inc/dssusy.h.

All the annihilation routines return the invariant rate instead of the cross section. The invariant
annihilation rate between particle ¢ and j is defined as

Wij = 4pij\/§0'ij = 40‘1']‘ \/(pi 'pj)2 - mfm? = 4EiEjaijvij. (51)

See chapter 23] for more details.
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Chapter 6

src/anll:
Annihilation cross sections (1-loop)

6.1 Annihilation cross sections at 1-loop — general

The annihilation cross sections at 1-loop that we have implemented in DarkSUSY are those to 7,
Z~ and gg. The derivation of these is described in the works [?, [I75].

To see how these routines are called, see the file src/an/dsandwdcosnn.f where the vy, Zv and
gg contributions are added to the annihilation cross section at the end.
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Chapter 7

src /anstu:
t, v and s diagrams for
f f-annihilation

7.1 Annihilation amplitudes for fermion-fermion annihila-
tion

In this directory, all the helicity amplitudes needed for neutralino-neutralino, neutralino-chargino
and chargino-chargino annihilation are calculated. The helicity amplitudes have been calculated
with general expressions for vertices, masses etc. in Reduce and converted to Fortran files. The
calculation of these are described in more detail in [35].

Each routine here adds the contribution to the helicity amplitudes from one particular diagram
and the sum over contributed diagrams is done in the routines an/dsandwdcosnn, an/dsandwdcoscn
and an/dsandwdcoscc. The naming convention for the routines here is the following: The first part
of the routine name is dsan to indicate that they deal with annihilations in DarkSUSY. The next
character tells which kind of process it is s-, t- or u-channel and the next two caracters tell which
initial state particles we have (f for fermion), the next character is the kind of propagating particle
(f for fermion, s for scalar and v for vector boson), and finally, the last two characters tell the
kind of final state particles. So, to take an example, the routine dsansffsvv calculates the helicity
amplitudes for annihilation of two fermions to two vector bosons via s-channel exchange of a scalar.
There are also a few special cases (routines ending in ex or in) for diagrams with clashing arrows.

27
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Chapter 8

src/as:
Annihilation cross sections (with
sfermions)

8.1 Annihilation cross sections with sfermions — general

In this directory, all the (co)annihilation cross sections involving one or more sfermions in the initial
state are calculated. The code here is based upon the work described in [I77]. All the cross sections
are calculated with Form and converted to Fortran with a script form2f [173].

The main routines here are

Routine Purpose
dsasdwdcossfsf Calculates the invariant annihilation rate between two sfermions in the initial
state.

dsasdwdcossfchi Calculates the invariant annihilation rate between one sfermion and one fermion
(neutralino or chargino) in the iniital state.

29
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Chapter 9

src/bsg:
b — s

9.1 b — sy — theory

The rare decay b — sy can have large contributions from loops of supersymmetric particles and
one therefore has to check that a particular supersymmetric model does not violate the observed
branching ratio for b decay to sy. In DarkSUSY we have several expressions for calculations of the
b — s7v decay. In src/ac, some older obsolte expressions are found (kept only for historical reasons).
In this directory, bsg/, we have our best (and next-to-best) implementation of the b — sy decay.

Our best estimate of this process includes the complete next-to-leading order (NLO) correction
for the SM contribution and the dominant NLO corrections for the SUSY term. Until 2006, the
NLO QCD SM calculation was performed following the analysis in Ref. [I78], modified according
to [179], and gave a branching ratio BR[B — X 4] = 3.72 x 10~* for a photon energy greater
than my/20. However, there was a big shift in the theoretical calculation of the SM branching ratio
in 2006. We thus now instead have implemented the new results [I96] which instead give a SM
branching ratio of BR[B — X 7] = (3.1540.23) x 1074

In the SUSY contribution, we include the NLO contributions in the two Higgs doublet model,
following [180], and the corrections due to SUSY particles. The latter are calculated under the
assumption of minimal flavour violation, with the dominant LO contributions from Ref. [I81], and
with the NLO QCD term with expressions of [I82] modified in the large tan 3 regime according
to [I81]. In the mSUGRA framework (see, e.g., [183]), the largest discrepancy between the LO
and the NLO SUSY corrections are found for signy > 0, large tan 8 and low values of my /o: in this
case the SUSY contribution to the decay rate is negative, and the discrimination of models based
on the NLO analysis is less restrictive than the one in the LO analysis.

We will assume as allowed range of branching ratios 2.71 x 1074 < BR[B — X, v] < 4.39x 1074,
which is obtained adding a theoretical uncertainty of £0.23 x 104 (both for the SM and for the
SUSY calculation) to the experimental value quoted by [197].

9.2 b — sy — routines

The main routines is dsbsgammafull which calls the latest routine dsbsg2007full. For historical
reasons, the old (pre-2007) calculations are available in dsbsgpre2007full.

The main routine dsbsgammafull returns the b — s+ branching ratio. The routine can calculate
either only the standard model contribution or also include the SUSY contribution (which is of
course the default when this routine is called from dsacbnd). The reaming (large) set or routines
are the various contributions to the decay as given in the references listed above.
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Chapter 10

src/db:
Anti-deuteron fluxes from the halo

10.1 Anti-deuteron fluxes from annihilation in the halo
The anti-deuteron fluxes are calculated here following the approach of [I85]. This means that we

calculate the anti-deuteron fluxes based on a merging model of antiprotons and antineutrons in
quark jets. Apart from this, the anti-deuterons are propagated in the same way as antiprotons.
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Chapter 11

src/dd:
Direct detection

11.1 Direct detection — theory

NOTE: The description below is outdated. DarkSUSY now includes much better form
factors.

If neutralinos are indeed the CDM needed on galaxy scales and larger, there should be a sub-
stantial flux of these particles in the Milky Way halo. Since the interaction strength is essentially
given by the same weak couplings as, e.g., for neutrinos there is a non-negligible chance of detecting
them in low-background counting experiments [78]. Due to the large parameter space of MSSM,
even with the simplifying assumptions above, there is a rather wide span of predictions for the event
rate in detectors of various types. It is interesting, however, that the models giving the largest rates
are already starting to be probed by present direct detection experiments [46], [79].

The rate for direct detection of galactic neutralinos, integrated over deposited energy assuming
no energy threshold, is

R= ZNi”x<UixU>v (11.1)

K2

where NV; is the number of nuclei of species ¢ in the detector, n, is the local galactic neutralino
number density, o;, is the neutralino-nucleus elastic cross section, and the angular brackets denote
an average over v, the neutralino speed relative to the detector as described in Section [I6.11

In DarkSUSY, the basic quantities computed are the neutralino-nucleon cross sections, which
are free of complications related to nuclear structure, and various experimental details like energy
threshold, efficiencies etc. However, as a crude estimate of the expected rates in realistic detectors,
the total neutralino-nucleus scattering rates can be obtained for "®Ge, AlyO3 (sapphire) and Nal.
Usually, it is the spin-independent interaction that gives the most important contribution in target
materials such as Na, Cs, Ge, I, or Xe, due to the enhancement caused by the coherence of all
nucleons in the target nucleus.

The neutralino-nucleus elastic cross section can be written as

2

4m? v
o= —— [ dgc () (11.2)
X dme? R ’

where my, is the neutralino-nucleus reduced mass, ¢ is the momentum transfer and G, (¢?) is the
effective neutralino-nucleus vertex. We write

Gi(q*) = ATF5(q*)GS +AATFA(q*) G, (11.3)
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which shows the coherent enhancement factor A? for the spin-independent cross section (often A?
is written as A2J(J 4+ 1) ). We assume gaussian nuclear form factors [30]

Fs(¢*) = Fa(q®) = exp(—q*R} /617), (11.4)

R; = (0.3 +0.89A}%)fm, (11.5)

which should provide us with a good approximation of the integrated detection rate [83], in which we
are only interested. (To obtain the differential rate with reasonable accuracy, better approximations
are needed [84].)

Using heavy-squark effective lagrangians [85], we get

_ Ghxx9h YLGrxq9IRG
Gg = Z (qq) Z xx2 9 quq2 akXq (11.6)

my, m~
g=u,d,s,c,b,t h=Hi,H> k 1

and 6
1 +
Z Ag <9Zxngqq 4 5 Z M) . (11.7)
g=u,d,s k=1

The g’s are elementary vertices involving the particles indicated by the indices, and they read

- (9Zy2 — gyZy1) (—Zyscosa + Zyasina), for Hy, (11.8)
Ihxx (9Zy2 — gyZy1) (Zyssina + Zyy cosa) , for Hs, )
~Y, cosa/v?2, for Hy
= ’ ’ 11.
Ihae { +Y, sina/v/2, for Ho, (11.9)
g 2
= (%% - 2% 11.10
92xx 2 cos Oy ( ) ( )
g
= 5L 11.11
9Zae 2cos by T ( )
9Laxa — gLLngL +9RLngR; (11.12)
Iraxa = 9LrLGL + 9rrT ok, (11.13)
with
1 1
gL = *E T3qux2 + ggyle , (1114)
grr = V2e49,7, (11.15)
_ _ -Y,Zy3, for qg=u,c,t,
gLR = YRL = { Y, Zy, forq=dsb, (11.16)
and
B mg/ve, for ¢ =u,c,t,
Yo = { mg/v1, for g=d,s,b. (11.17)
Defining (N = n,p)
(N|mqqq|N)
I = T (11.18)

we take in DarkSUSY the numerical values [86]
fP=0023,  fh,=0.034,
P = 00595,  f, =014,
[ = 0.0595, [, = 0.0595 (11.19)
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and

ff,=0.019,  f2,=0.041,
Ir.=0.0592  fr =0.14,
fr =0.0592,  f2, =0.0592. (11.20)

For the quark contributions to the nucleon spin we take [87]

Au = 0.77, Ad = —0.40, As = —0.12. (11.21)

However, the older set of data []§]

Au=077, Ad=-049, As=-0.15 (11.22)

can optionally be used.
Moreover, we take for the A factors

AR =0.087,  A%,=0.041 and A? =0.007, (11.23)

according to the odd-group model [89].

11.2 Direct detection — routines

subroutine dsddneunuc(sigsip,sigsin,sigsdp,sigsdn)

Purpose:

Output:
sigsip

sigsin
sigsip

sigsin

Calculate the spin-independent and spin-dependent scattering cross sections for
neutralinos on neutrons and protons.

ST

p» I units

The spin-independent neutralino-proton scattering cross section, o
of cm? s71.

The spin-independent neutralino-neutron scattering cross section, o
of cm?3 s71,

Thg spiln—dependent neutralino-proton scattering cross section, 051? , in units of
cm® s” .

The spin-dependent neutralino-neutron scattering cross section, o

of cm3 s~1.

S1

\n» 1Dl UNIts

SD

on » 1D units
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Chapter 12

src/ep:
Positron fluxes from the halo

12.1 Positrons from the halo — theory

Neutralino annihilations in the halo will give rise to positrons either directly or from decaying
mesons in hadron jets. We thus expect to get both monochromatic positrons (at an energy of m,)
from direct annihilation into ete™ and continuum positrons from the other annihilation channels.
In general, the branching ratio for annihilation directly into e™e™ is rather small due to the helicity-
flip suppression «x m, for S-wave annihilation in the halo, but for some classes of models one can
still obtain a large enough branching ratio for the line to be observable.

The computation of the positron flux from neutralino annihilations used in DarkSUSY resembles
the calculation of the antiproton flux, with some important changes due to other mechanisms of
energy loss with different energy dependence. Due to the fact that energy losses for positrons are
more rapid than for antiprotons, the computed signal is less sensitive to the global structure of the
dark matter halo. (On the other hand, it is more sensitive to possible local sources of background,
such as supernova remnants etc.)

The calculation of the neutralino-induced positron flux performed in DarkSUSY follows the
analysis in [I21I]. For continuum positrons, we have again simulated the decay and/or hadronization
with the Lund Monte Carlo PYTHIA as described in section ?77. We have included all two-body
final states in DarkSUSY (except the three lightest quarks which are completely negligible) at tree
level and the Z~ [I76] and gg [I12] final states which arise at one-loop level.

12.1.1 Propagation and the interstellar flux

We consider a standard diffusion model, somewhat less sophisticated than in the case of antiprotons,
for the propagation of positrons in the galaxy. Charged particles move under the influence of the
galactic magnetic field. For the relevant energies the magnetic gyroradii of the particles are quite
small. However, the magnetic field is tangled, and even with small gyroradii, particles can jump to
nearby field lines which will drastically alter their courses. This entire process can be modeled as
a random walk, which can be described by a diffusion equation.

Positron propagation is complicated by the fact that light particles lose energy quickly due to
inverse Compton and synchrotron processes. Diffuse starlight and the Cosmic Microwave Back-
ground (CMB) both contribute appreciably to the energy loss rate of high energy electrons and
positrons via inverse Compton scattering. Electrons and positrons also lose energy by synchrotron
radiation as they spiral around the galactic magnetic field lines.

Our detailed treatment of positron diffusion employed in DarkSUSY is as follows. First define
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a dimensionless energy variable ¢ = E/(1 GeV), and the dimensionless mass m, = m, /(1 GeV).
The standard diffusion-loss equation for the space density of cosmic rays per unit energy, dn/de, is
then given by

- d 0] d
——=V- [K(s,x)vd:] + 5 [b( z) n] + Q(e, 7), (12.1)

where K is the diffusion constant, b is the energy loss rate and @ is the source term. We consider
only steady state solutions, setting the left hand side of Eq. (IZ1)) to zero.

We assume that the diffusion constant K is constant in space throughout a “diffusion zone”,
but it may vary with energy. At energies above a few GeV, we can represent the diffusion constant
as a power law in energy [123],

K(e) = Koe® ~ 3 x 10%7¢%6em? s 71, (12.2)

However, at energies below about 3 GeV, there is a cutoff in the diffusion constant that can be
modeled as
K(e) = Ko[C 4+ ~3x 10°7 [3°0 + %0 em? s (12.3)

Both of these models for the diffusion constant can be used in DarkSUSY but the second expression
is the defaultf] The function b(e) represents the (time) rate of energy loss. We allow energy loss
via synchrotron emission and inverse Compton scattering. The rms magnetic field in the diffusion
zone is about 3 G, an energy density of about 0.2 eV cm™3. We allow inverse Compton scattering
on both the cosmic microwave background and diffuse starlight, which have energy densities of 0.3
and 0.6 eV cm ™2 respectively. These two processes combined give an energy loss rate [125]

be)ex = L2 ggot02 61, (12.4)
TE
where we have neglected the space dependence of the energy loss rate. Lastly, the function @ is the
source of positrons in units of cm™3 s71.

We model the diffusion zone as a slab of thickness 2L. We fix L to be 3 kpc, which fits
observations of the cosmic ray flux [123]. We impose free escape boundary conditions, namely that
the cosmic ray density drops to zero on the surfaces of the slab, which we let be the planes z = +L.
We neglect the radial boundary usually considered in diffusion models. This is justified when the
sources of cosmic rays are nearer than the boundary, as is usually the case with galactic sources.
We will see that the positron flux at Earth, especially at higher energies, mostly originates within
a few kpc and hence this approximation is well justified in our case. (This is different from the
case of antiprotons, where the flux from the Galactic center can be very important at the Earth’s
location [I08].) The spatial part of the Green’s function is performed once, independently of the
supersymmetric model, yielding an energy dependent diffusion time

1 "L +2Lln+z
£ 12.5
4K0Av Z_ Zer ( ViKorpAu )X (12.5)

e} QTTI T2 + T/2
dr’' ' f(r'"N Iy | ——- — ] 0(A
/0 nr (T) 0 4KQTEA’U xp 4KOTEA’U ( U),
where f(r) is the effective halo profile squared, and the expression is evaluated for r and z appro-
priate for the observer. The function v(e) depends on the diffusion model: the default model has
v(e) = C/e +e*71/(1 — a). The function 7p is the effective diffusion time for particles emitted
at energy ¢’ and observed at energy . Of course if the observed energy is larger than the emitted

energy, 7p = 0. The spatial integrand is smooth, and is computed for a range of values, equally
spaced in log(Awv) for use in DarkSUSY. Likewise, the series of image charges used in the Green’s

™D (Ea 5/)

*In fact, a third option can be chosen in DarkSUSY as well, employing the propagation model of [124].
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function converges rapidly, and with the range of Av values we are concerned with, need not be
taken past n = +10. The total positron spectrum is now given by

dn 1 5 M de
== ng<av)tot€—2 {BhneTD (g,my) + /6 de’ =

TD(E,EI)}, (12.6)

where Bjine is the branching ratio directly to ete™, and d¢/de|cons. is the spectrum of continuum
positrons per annihilation. Remembering that this is an expression for the number density of
positrons, the flux is given by
d®  fedn ¢ dn
de  4mde ~ 4mde’
where (¢ is the velocity of a positron of energy €. For the energies we are interested in, fc >~ c is a
very well justified approximation.

(12.7)

12.1.2 Solar modulation

Again there is a complication in that interactions with the solar wind and magnetosphere, solar
modulation, alter the spectrum. This can be neglected at high energies, but at energies below about
10 GeV, the effects of solar modulation become important. However, its effects can be reduced by
considering the positron fraction, e*/(e™ + e7), instead of the absolute positron fluxes. This is
possible to obtain from DarkSUSY, since included in the package is an estimate of the background
et and e~ flux taken from [126].

12.2 Positrons from the halo — routines



42

CHAPTER 12. EP: POSITRON FLUXES FROM THE HALO



Chapter 13

src/ep2:
Positron fluxes from the halo
(alternative solution)
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Chapter 14

src/ge:
General routines

14.1 General routines

In ge/, we collect routines that are of general interest to many other routines in DarkSUSY. E.g.,
we have routins to find elements in arrays (used for interpolation), Bessel functions, error functions,
spline routines, etc.
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Chapter 15

src/ha:
Halo annihilation yields

15.1 Annihilation in the halo, yields — theory

Here we calculate yields from annihilation in the halo.

15.1.1 Monte Carlo simulations

We need to evaluate the yield of different particles per neutralino annihilation. The hadronization
and/or decay of the annihilation products are simulated with PyTHIA [90] 6.154. The simulations
are done for a set of 18 neutralino masses, m, = 10, 25, 50, 80.3, 91.2, 100, 150, 176, 200, 250, 350,
500, 750, 1000, 1500, 2000, 3000 and 5000 GeV. We tabulate the yields and then interpolate these
tables in DarkSUSY.

The simulations are here simpler than those for annihilation in the Sun/Earth since we don’t
have a surrounding medium that can stop the annihilation products. We here simulate for 8
‘fundamental’ annihilation channels c¢, bb, tt, 777—, WTW—, Z°Z° gg and ptp~. Compared
to the simulations in the Earth and the Sun, we now let pions and kaons decay and we also
let antineutrons decay to antiprotons. For each mass we simulate 2.5 x 10° annihilations and
tabulate the yield of antiprotons, positrons, gamma rays (not the gamma lines), muon neutrinos
and neutrino-to-muon conversion rates and the neutrino-induced muon yield, where in the last two
cases the neutrino-nucleon interactions has been simulated with PYTHIA as outlined in section BO.T.1]

With these simulations, we can calculate the yield for any of these particles for a given MSSM
model. For the Higgs bosons, which decay in flight, an integration over the angle of the decay
products with respect to the direction of the Higgs boson is performed. Given the branching ratios
for different annihilation channels it is then straightforward to compute the muon flux above any
given energy threshold and within any angular region around the Sun or the center of the Earth.
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Chapter 16

src/hm:
Halo models

16.1 Halo models — theory

All the dark matter detection rates depend in one way or another on the properties of the Milky Way
dark matter halo. We will here outline the halo model that by default is included with DarkSUSY.

The mass distribution in the Milky Way and the relative importance of its three components,
the bulge, the disk and the halo, are poorly constrained by available observational data. Although
the dynamics of the satellites of the galaxy clearly indicates the presence of a non-luminous matter
component, a discrimination among the different radial dark matter halo profiles proposed in the
literature is not possible at the time being [I27]. One approach is to assume that dark matter
profiles are of a universal functional form and to infer the Milky Way dark matter distribution from
the results of N-body simulations of hierarchical clustering in cold dark matter cosmologies. The
predicted profiles in these scenarios have been tested to a sample of dark matter dominated dwarf
and low-surface brightness galaxies which provide the best opportunities to test the spatial distri-
bution of dark matter. Actually this field of research is in rapid evolution and slightly discrepant
results have recently been presented [113, 128, 129, [130].

In DarkSUSY, we include a dark matter halo profile of the form

1

(r/a)" [1 + (r/a)o]B-n/a" (16.1)

p(r) o

With this family of profiles, we have a parameterization of most spherically symmetric profiles in
the literature. In Table[I6.1lwe list the corresponding values of «, 3 and « for some popular profiles.

One should keep in mind that some of these profiles are very steep at the center of the galaxy
which might be in conflict with observations. In fact, this is a topic under rapid evolution at present.
Some researchers have taken the view that the steep profiles seen in simulations are impossible to
match with observations, and therefore drastic modifications of the cold dark matter scenario have

Model (o, B,7) a (kpc)
Isothermal sphere [129) (2,2,0)

Kravtsov et al. [129] (2,3,0.2—-0.4)

Navarro, Frenk and White [I13] (1,3,1)

Moore et al. [130] (7,77

Table 16.1: Different halo dark matter profiles and their corresponding parameters.
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been proposed. Examples are self-interacting [I136] or strongly self-annihilating [137] dark matter
models. None of these proposals can be made to work in MSSM models, so we do not consider
them in DarkSUSY. It should also be noted that there could be other, astrophysics-related solutions
to these problems, which involve the interplay between the baryons and the dark matter.

Our galactocentric distance Ry is not entirely known. Estimates for Ry range from 7.1 kpc to 8.5
kpc [145] 144, ?] and in DarkSUSY we use Ry = 8.5 kpc as a default. We also choose the modified
isothermal distribution as a default, but this can be changed by the user.

As a further uncertainty, it is unknown precisely how the black hole at the galactic center would
have interacted with the halo neutralino distribution. In fact, there are indications that a profile
more singular than NFW would cause a very steep cusp (a “spike”) near the Galactic center, with a
high enough density that even the flux of neutrinos from that population could be detected [138]. If
this really exists, essentially all MSSM models may already be excluded through the non-detection
of radio emission from electrons and positrons generated in the annihilations [139]. It should be
noted though that these estimates involve many uncertainties.

We only consider spherical profiles; introducing a flattening parameter may enhance the value
of the flux but the effect is not expected to be dramatic for this neutralino detection method and
we prefer not to introduce another factor of uncertainty.

We also need to specify the normalization constant of the halo profile, which we choose as the
value of the halo density pg at our galactocentric distance Ry, the core radius a and Ry. One should
keep in mind that there is correlation between the allowed values of a and pg and the chosen halo
profile [176, [140] due to constraints on e.g. the total mass of the galaxy within 100 pc and the dark
matter contribution to the local rotation curve. In Table 7?7 we list typical values of a and pg that
we have chosen based on these constraints for the different profiles. For more details about these
arguments, see [176, [140]. The DarkSUSY default value for pg is 0.3 GeV /cm3.

Usually, the local galactic dark matter velocity distribution is taken to be a truncated gaussian,
which in the detector frame moving at speed vo relative to the galactic halo reads

Flo) = — vt {exp [—M}—exp [—min(“Jr”O’”C“t)Q]} (16.2)

Neut w000 202 202

for vese < v < /2 + (VO + Veut)? and zero otherwise, with u = /v2 + v2,, and

Veu ’L)Qu ™ Veu
J\/.cut — Ut exp ( 2(:0.;> — \/;erf <\/§;> . (163)

As default, we have taken the halo line-of-sight (one-dimensional) velocity dispersion o =120 kimn/ SE
the galactic escape speed veyt = 600 km/s, the relative Earth-halo speed vo = 264 km/s (a yearly
average) and the Earth escape speed vesc = 11.9 km/s. These parameters can be changed by the
user. In some instances, like neutralino capture in the Earth, the user can specify an arbitrary
velocity distribution by providing a subroutine.

16.1.1 Rescaling of the neutralino density

It is natural to assume that the neutralinos make up most of the dark matter in our galaxy. One
may therefore only consider MSSM models which are cosmologically interesting, i.e. where the
neutralinos can make up a major fraction of the dark matter in the Universe without overclosing
it. This range is usually chosen to be 0.025 < Q,h? < 1. However, the user may want to either
enlarge or narrow this range. If, as is perhaps most natural, the neutralino alone contributes the
major fraction of non-baryonic dark matter in the Universe, one may want to refer to the current
values of cosmological parameters and fix Q,h? to be in the interval between, say 0.1 and 0.3. If
there are other components of the dark matter, one may want to tolerate smaller numbers. If one

*Other authors write exp(—3v?2/2v2), in which case T = v/30.
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makes use of the poor knowledge of how galaxy halos were formed, all the range down to 0.025
may be taken as acceptable. However, if 0, h? drops below 0.025, it cannot account for all the dark
matter associated with galaxy halos. A frequently used recipe is then to rescale the estimated local
dark matter density po ~ 0.3 GeV/cm? by 2, h?/0.025, giving a lower local density in the form of
neutralinos. Although this may seem a harmless procedure, one should keep in mind that it is very
ad hoc and that it may overestimate the preponderance of models with large direct detection rates.
This is because of the general result that Q,h? ~ 1/04,,v, and crossing symmetry generally relates
a large annihilation cross section to a large scattering cross section. (For indirect detection in the
halo, the effect is moderated by the fact that the rates are proportional to the square of the density,
which thus involves the square of the rescaling factor.) In DarkSUSY, the user can set the value
of the local dark matter density (the default is 0.3 GeV/cm?®) and determine whether rescaling is
to be used or not, and in that case the lowest tolerable Q;li’“h2 below which rescaling should take
place. If rescaling is used, all output detection rates are computed with the rescaled value when
appropriate.

16.2 Halo model — routines

The most important routine is dshmset which sets the chosen halo profile.
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Chapter 17

src/hr:
Halo rates from annihilation

17.1 Gamma rays from the halo — theory

Among the yields of pair annihilations of halo dark matter particles, the role played by gamma-
rays could be a major one. Unlike the cases involving charged particles, for gamma-rays it is
straightforward to relate the distribution of sources and the expected flux at the earth. Most flux
estimated can be obtained just by summing over the contributions along lines of sight (or better,
geodesics): gamma-rays have a low enough cross section on gas and dust and therefore the Galaxy
is essentially transparent to them (except perhaps in the innermost part, very close to the region
where a massive black hole is inferred); absorption by starlight and infrared background becomes
effecient only for very far away sources (redshift larger than about 1).

It follows that in case the gamma-ray signal is detectable, this might be the only chance for
mapping the fine structure of a dark halo, with a much better resolution for inomogenities (clumps)
with respect what is accevable through dynamical measurements or lensing effects. Turning the
latter argument around, if the fine structure of the Galactic halo is clumpy, or if a large density
enhancement is present towards the Galactic center, as seen in N-body simulations of dark matter
halos, this dark matter detection tecnique is much more promising than indicated by the earliest
estimates in which smooth non-singular halo scenarios were considered (recall that the fluxes per
unit volume are proportional to the square of the dark matter density locally in space).

A further reason to examine in details this detection methods is that we are approaching what
will probably be the golden age for gamma-ray observations, with a several new experiments that
are going to map the gamma-ray sky. These experiments will have unprecendented sensitivities and
cover an energy range, namely 10 GeV — few hundred GeV, in which very scarce data are available
at the time being and which may turn out to be the most interesting for dark matter detection.
The hypothesis of a gamma-ray signal from neutralino annihilations will be tested for both by the
upcoming space experiments (GLAST, AMS, AGILE) and by the new generation of ground-based
air cherenkov telescopes (ACTs) being built (Magic, Hess, Veritas).

The bulk of the gamma-ray yield from neutralino annihilations arise in the decay of neutral pions
produced in the fragmetation processes initiated by tree level final states [148, [73] [155] (analogously
to the other halo signals, in DarkSUSY we include all tree level final states and make use of a
Monte Carlo simulation for fragmentation and decay processes, see Section ??7). Unfortunately the
70 intermediate state is common to other astrophysical processes, and this may turn out to be a
limiting factor to disentangle dark matter sources. At the same time, however, a relevant gamma-ray
contribution may arise directly (at one-loop level) in two body final states; although such photons are
much fewer than those from 7° decays they have a much better signature: neutralinos annihilating
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in the galactic halos move with a velocity of the order v/c ~ 1073, hence these outgoing photons (as
any particle in any of the allowed two body final states) will then be nearly monochromatic, with
energy of the order of the neutralino mass[149, [150, [151], 112], 110} [73]. There is no other known
astrophysical source with such a signature: the detection of a line signal out of a spectrally smooth
gamma-ray background would be a spectacular confirmation of the existence of dark matter in form
of exotic massive particles.

If dark matter is in form of neutralinos, there are two processes givin rise to line signals, the
annihilation into two photons and into one photon and a Z boson. Both of them are included in
the DarkSUSY package, as well as the contribution with a continuum energy spectrum. We review
them briefly here, focussing first on annihilation rates and giving then expressions for gamma-ray
fluxes.

17.1.1  xx — 7y

In DarkSUSY the full expression for the annihilation cross section of the process
<0 1 <0
Xit+Xi—v+7 (17.1)

is computed at full one loop level, in the limit of vanishing relative velocity of the neutralino pair,
i.e. the case of interest for neutralinos in galactic halos; the outgoing photons have an energy equal
to the mass of x{:

E,=M,. (17.2)

The neutralino pair must be in an S wave state with pseudoscalar quantum numbers; projecting
out of the amplitude the 'Sy state simplifies the calculation, and a further simplification is obtained
by computing the amplitude in the non linear gauge defined in [I52], which is a slight variant of
the usual linear R-gauge (or 't Hooft gauge).

The amplitude of the annihilation process can be factorized in the form

2V/2 72

where €1, €2 and ki, k2 are respectively the polarization tensors and the momenta of the two
outgoing photons. The cross section is then given, as a function of A, by the formula

A €(e1, €2, k1, ko) A (17.3)

o?M2 | .2
X‘ ‘ (17.4)

P92 = Yo

The total amplitude is implemented in DarkSUSY as the sum of the contributions obtained from
four different classes of diagrams:

A=A+ Ags + Aw + A,

where the indices label the particles in the internal loops, i.e., respectively, fermions and sfermions,
charged Higgs and charginos, W-bosons and charginos, and, in the gauge we chose, charginos
and Goldstone bosons. For every A term, real and imaginary parts are splitted; the full set of
analytic formulas are given in [112], following the notation of [I68], where some of the contributions
were first computed. They are rather lengthy expressions with non trivial dependences on various
combinations of parameters in the MSSM. We reproduce here, as an example, the formulas for the
diagrams with W bosons and charginos, which, in most cases, give the dominant contribution to
the cross section as discovered in [I12]. The sum over x; includes the two chargino eigenstates:

~ 1 (afb) SXW SxW*Q\/EDXw
R = — |2 T b I 1
e Aw z;M)% [ T L T
X

7
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24b) Syw —4v/a D l—a+b) S
+<( +9) x;vib\/ﬁ oy ( laja)bxw) Ig(a,b)] (17.5)
~ 1 (a—b) SxW
I = — R 2~ 7 A ).
m Aw WZ:M)% ( 1ta—b )
X.

i

14++1-b/a 5 9
- log <1—\/ﬁ> 0 (1 —mipy / MX) (17.6)

where we defined:

2
a MX? b= m%,v
Mé Mé
1
L L * R R % L R * R L *
Sew = = (9i1i 9w + 9ivis 9vie) Dyw = B (gwu gini + 9w 9w)

~ N~

1 (a,b), Iy (a,b) and I5 (a,b), which arise from the loop integrations, are given

1 2
d daz?—4daz+b
IMmby:/ Jfbg(‘ax art D (17.7)
0 T b

and the functions
by:

1 2
dz —azx*+(a+b—1)z+1
1 b) = — 1 17.
2(a,0) /0 x Og(aaﬁ—i—(—a—i—b—l)x—i—l‘) (178)
Yda —az?+(a+1-b)z+b
I b) = — 1 . 17.9
st = [ L og<a$2+(_a+1_b)x+b\> (179)

I (a,b) is the well known three point function that appears in triangle diagrams; it is an analytic
function of a/b. I (a,b) and I3 (a,b) may be expressed in terms of dilogarithms. In DarkSUSY,
they are computed in the integral form as, for any physically interesting value of the parameters a
and b, the integrands are smooth functions of z.

The branching ratio for neutralino annihilations into 2+ is typically not larger than 1%, with
the largest values of voa,, for neutralinos with a cosmologically significant relic aboundance, in the
range 1072910728 cm3s~!. Such values may be large enough for the discovery of this signal in
upcoming measurements; at the same time it should be kept in mind that very low values for the

cross section are feasible as well.

17.1.2  yx — Zv

The process of neutralino annihilation into a photon and a Z° boson [110]
Xt +xi—y+2° (17.10)

also gives a nearly monochromatic line (with a small smearing caused by the finite width of the Z°

boson), with energy
2

mz

E - :
X4 M,

’Y:

(17.11)
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The steps followed in DarkSUSY to compute the cross section are essentially the same as those
described for the 2y case. Again the total amplitude is obtained by summing the contribution from
four classes of diagrams and by splitting for each of them real and imaginary parts. The analytic
formulas were derived in [110], and are much less compact than those obtained for the process of
neutralino annihilation into two photons.

The maximum value of voz., for neutralinos with a cosmologically significant relic aboundance,
is around 2-10728 cm3s~! and occurs for a nearly pure Higgsinos. In the heavy mass range, the value
of voz reaches a plateau of around 0.6 -1072® cm®s™!. This interesting effect of a non-diminishing
cross section with higgsino mass (which is due to a contribution to the real part of the amplitude)
is also valid for the 2+ final state in the corresponding limit, with a value of 1-1072% cm3s~! [112].
Since the gamma-ray background drops rapidly with increasing photon energy, these processes may
be interesting for detecting dark matter neutralinos near the upper range of allowed neutralino
masses.

Whenever the lightest neutralino contain a significant Wino or Higgsino component the value
of voz, maybe as large as, or even larger than, twice the value of voa,. It is therefore usually not
a good approximation to neglect the Z~ state compared to 2+.

17.1.3 Gamma rays with continuum energy spectrum

The advantage with the gamma-ray lines discussed in the previous Sections is the distinctive spectral
signature, which has no plausible astrophysical counterpart.

Compared to the monochromatic flux, the gamma-ray flux produced in 7% decays is much larger
but has less distinctive features. The photon spectrum in the process of a pion decaying into 27 is,
independent of the pion energy, peaked at half of the 7° mass, about 70 MeV, and symmetric with
respect to this peak if plotted in logaritmic variables. Of course, this is true both for pions produced
in neutralino annihilations and, e.g., for those generated by cosmic ray protons interacting with the
interstellar medium.

When considered together with to the cosmic ray induced Galactic gamma-ray background, the
neutralino induced signal looks like a component analogous to the secondary flux due to nucleon
nucleon interactions: it is drowned into the Bremsstrahlung component at low energy, while it may
be the dominant contribution at energies above 1 GeV or so. In fact, if the exotic component
is indeed significant an option to disentangle it would be to search for a break in the energy
spectrum at about the neutralino mass, where the line feature might be present as well: while the
maximal energy for a photon emitted in neatralino pair annihilations is equal to the neutralino
mass, the component from cosmic ray protons extends to much higher energies, essentially with
the same spectral index as for the proton spectrum (the role played by the third main background
component, inverse Compton emission, has still to settled at the time being and may worsen the
problem of discrimitation against background).

Besides this (weak) spectral feature, another way to disentangle the dark matter signal may be
to exploit a directional signature: data with a wide angular coverage should be analyzed to seach
for a gamma-ray flux component following the shape and density profile of the dark halo, including
eventual contributions from clumps.

17.1.4 Sources and fluxes

Given a density distribution of dark matter neutralinos along some line of sight /, the monochromatic
gamma-ray flux per unit solid angle in that direction is:

d®. () _ N, voxo.,
dQ 8w M3

p2(0) d1(v) | (17.12)

line of sight

where 1 is an angle to label the direction of observation and where N, =2 for x x = vv, N, =1
for x x — Z~. Analogously, the gamma-ray flux with continuum energy spectrum is obtained
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by replacing N, voxo, with Zf dN{/dE voy, where the sum is over all tree level final states.
Separating the dependence on the dark matter distribution from the part which is related to values
of the cross section and the neutralino mass, we rewrite Eq. (IT12) as:

d®.,(v) N, voxo, > <10GeV

——2 ~9, -10712
dQ) 9.395-10 <10_29 cm3s—1 M,

2
) ~J () em™ s srh (17.13)

where we have defined the dimensionless function

JW) = 55 : 2 2(1) di 17.14
(’l/)) B 85kpC . (03 GeV/cm3) /line of sight pX( ) (1/}) ' ( ’ )

The relevant quantity for a measurement is, rather than J (1), the integral of J (¢)) over the solid
angle given by the angular acceptance AS) of a detector which is pointing in the direction .
Defining;:

1
(J(@¥))aa = —/ dsv'J (') , (17.15)
AQ Jao
the flux measured in a detector is:

N, voxo., 10 GeV
1029 ¢m3s—1 M,

2
®., (v, AQ) = 9.395-10~ 1 ( ) (J(@)aaxAQcm 2 s sr™t . (17.16)
Finally, the formalism we introduced can be used also to estimate the flux in the simple case of a
single source which, for the given detector, can be approximated as point-like (see examples below).
If such source is in the direction 1 at a distance d, Eq. (IZI5) becomes:

1 1 11 )
(J(@)an = 8.5kpc <0.3 GeV/cm3> 2 AQ /d37“ pi(r) (17.17)

where the integral is over the extention of the source (much smaller than d).

Several targets have been discussed as sources of gamma-rays from the annihilation of dark
matter particles. An obvious source is the dark halo of our own galaxy [153] and in particular
the Galactic center, as the dark matter density profile is expected, in most models, to be picked
towards it, possibly with huge enhancements close to te central black hole. The Galactic center is
an ideal target for both ground- and space-based gamma-ray telescopes. As satellite experiments
have much wider field of views and will provide a full sky coverage, they will test the hypothesis of
gamma-rays emitted in clumps of dark matter which may be present in the halo [154] [155] 114 [156].
Another possibility which has been considered is the case of gamma-ray fluxes from external nearby
galaxies [I57]. Furthermore, it has been proposed to search for an extragalactic flux originated by
all cosmological annihilations of dark matter particles [I58| [159].

DarkSUSY is suitable to compute the gamma-ray flux from all these (and possibly other) sources.
Two cases are fully included in the package: assuming neutralinos are smoothly distributed in the
Galactic halo with p, equal to the dark matter density profile, in DarkSUSY Eq. is computed
for a specified halo profile and any given ¢ and AQ [73]. The second option deals with the case of
a portion of dark matter being in the form of clumps, each of which is treated as a non-resolvable
source in the detector, distributed in the Galaxy according to a probability distribution which
follows the dark matter density profile (see [114] for details). It is straightforward to extend this
to all other astrophysical sources; in case of cosmological sources one has just to pay attention to
include redshift effects and absoption on starlight and infrared background, see [I59)].

17.2 Neutrinos from halo — theory

Usually, the flux of neutrinos from annihilation of neutralinos in the Milky Way halo is too small
to be detectable, but for some clumpy or cuspy models, it might be detectable. The calculation of
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the neutrino-flux follows closely the calculation of the continuous gamma ray flux, with the main
addition that neutrino interactions close to the detector are also included. Hence, both the neutrino
flux and the neutrino-induced muon flux can be obtained. The neutrino to muon conversion rate
in the Earth can also be obtained.



Chapter 18

src/ib:

Internal Bremsstrahlung

18.1 Internal Bremsstrahlung (IB) — theory

Whenever WIMPs annihilate into pairs of charged particles X X, this process will inevitably be
accompanied by internal bremsstrahlung (IB), i.e. the emission of an additional photon in the final
state (note that in contrast to ordinary, or external, bremsstrahlung no external electromagnetic
field is required for the emission of the photon). In many cases, IB photons completely dominate
the annihilation spectrum at the highest accessible energies. The resulting, characteristic sharp step
at an energy corresponding to the dark matter particle’s mass, often accompanied by a bump-like
feature at slightly smaller energies, is a spectral signature that is hard to mimic by astrophysical
sources and in that respect similar to monochromatic photons. In fact, being an O(wenm) correction
to the tree-level annihilation rate, one would generically expect IB photons to be more copiously
produced than the loop-suppressed [i.e. O(a?2,,)] monochromatic photons; this has been confirmed
in [191] for a large part of the supersymmetric parameter space, not the least due to the appearance
of efficient enhancement mechanisms.

18.1.1 General considerations

For didactic purposes, one may follow [191] and distinguish between photons directly radiated off
the external legs (final state radiation, FSR) and photons radiated from virtual charged particles
(virtual internal bremsstrahlung, VIB). The IB photons are thus the total contribution from both
FSR and VIB photouns.

For relativistic charged final states, FSR diagrams are always dominated by photons emitted
collinearly with X or X. This is a purely kinematical effect and related to the fact that the
propagator of the corresponding outgoing particle,

D(p) o ((k+p)* —m%) ", (18.1)

diverges in this situation. Here, k£ and p denote the momenta of the photon and the outgoing
particle, respectively. The resulting photon spectrum turns out to be of a universal form, almost
independent of the underlying particle physics model (see, e.g., [193]):

ANXX 2 .
LISR afzx}"x(x) log (Ll x)) . (18.2)

2
dx m5

Here, @ x and mx are the electric charge and mass of X; the splitting function F(z) depends only
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on the spin of the final state particles and takes the form

1+ (1—2)2
ffermion(-r) = % (183)
for fermions and 1
fboson(z) = ;z (184)

for bosons. Due to the logarithmic enhancement that becomes apparent in Eq. (I82]), FSR photons
are often the main source for IB. A prominent example where FSR in this universal form not only
dominates IB but in fact the total gamma-ray spectrum from WIMP annihilations, is the case of
Kaluza-Klein dark matter [192].

In general, one can single out two situations where photons emitted from virtual charged particles
may give an even more important contribution to the total IB spectrum than FSR: i) the three-body
final state X X~ satisfies a symmetry of the initial state that cannot be satisfied by the two-body
final state X X or ii) X is a boson and the annihilation into X X is dominated by ¢-channel diagrams,
with the ¢-channel particle almost degenerate in mass with the annihilating WIMP. In contrast to
FSR, the contribution from VIB photons can not be given in a model-independent way but is very
sensitive to the underlying short-distance physics. For more details, see [191].

18.1.2 IB from neutralino annihilations

For supersymmetric dark matter annhilations, the relevant final states for IB are WYW—, W+ HT,
H+*H~ and ff; both of the situations just mentioned above can arise, and VIB contributions
become important in considerable regions of the parameter space.

Let us first note that for neutralino annihilations, in contrast to the situation for, e.g., Kaluza-
Klein dark matter, we cannot in general expect very large FSR contributions. This is because
the lightest charged final states, for which the logarithmic enhancement shown in Eq. (I82) would
be most effective, are fermionic and therefore strongly helicity suppressed. Fermion final states
containing an additional photon, however, are not subject to such a suppression [194]. In the limit
of vanishing fermion mass, and assuming that both corresponding sfermions have the same mass,
the photon multiplicity is given by [191]

AN/ gl + 192" !

o — e (i) (18.3)

x(l—x){ A B 2 A+ p—22) o8 14 p }
QI4+pwd+p—22) (A4 p—x)? (1+p—x)3 1+p—2zf"

where p = m?;R /m2 = m?L /mZ and grPr (§zPr) denotes the coupling between neutralino, fermion
and right-handed (left-handed) sfermion. In the above expression, a large factor m2 / m?c due to
the lifted helicity suppression (from (0”U>XXH FFX m?mx“l) appears, and another enhancement at
high photon energies for sfermions degenerate with the neutralino.

For large neutralino masses m, > mw and charginos almost degenerate with the neutralino,
WHW~ and W+ HT final states are affected by the second of the mechanisms for VIB enhancement
that were discussed in the previous subsection. Of these two channels, IB from WTW ™ nearly
always dominates; for pure Higgsinos (or Winos), the resulting photon multiplicity in this limit is
well approximated by [191], [195]:

ANWTW Oem 41— x4 2?)? [10 (21—$+e/2

& S r 0 zie )—1/2+x—x3], (18.6)

€

where € = my /m,,.
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Charged Higgs pairs H ™ H ~, finally, provide yet another interesting example where the two-body
final state is not allowed due to symmetry restrictions; in this case, in the limit v — 0, enforced by
CP conservation. The annihilation into H+H "+, on the other hand, is possible. However, since
charged Higgs bosons in most models have considerably larger masses than gauge bosons, they are
expected to give negligible IB contributions compared to the latter.

18.1.3 The implementation in DarkSUSY

Let us now briefly describe how IB is implemented in DarkSUSY. The total gamma-ray spectrum
from WIMP annihilations is given by

f f
dN'y tot v,sec de 1B de line
; B ) 18.7
Z f ( dx + dx + dx ’ ( )

where By denotes the branching ratio into the annihilation channel f. The first term encodes
the contribution from secondary photons, mainly produced through the decay of neutral pions,
as described in Section [[7.Jl] We recall here that these contributions are included by using the
Monte Carlo code Pythia [90] to simulate the decay of a hypothetical particle with mass 2my and
user-specified branching ratios By. In this way, also FSR associated to this decay is automatically
included in dN,Y sec/dz (the main contribution here comes from photons directly radiated off the
external legs, but also photons radiated from other particles in the decay cascade are taken into
account).

Of course, IB from the decay of such a hypothetical particle cannot in general be expected
to show the same characterlstlcs as IB from the actual annihilation of two WIMPs and for this
reason an additional term dN/ 4IB /dx is included that accounts for the difference between the full IB
contribution and the FSR part already taken into account for by Pythia. For details regarding the
implemented procedure of separating these two contributions in a consistent way, see [191]. The
contributions dN-{,IB /dx, in contrast to dN{,Sec/dx, are generically highly model-dependent. At
the moment, they are fully implemented only for neutralino annihilations and included by default.
However, one may easily switch to a user-defined contribution, choose to neglect IB completely or,
for comparison, to only include the FSR part (for details, see dshaib).

For the supersymmetric case, the full expressions for all relevant three-body final states are
implemented, i.e. not just the approximations given in the last subsection, which only apply to
the limits described there. For performance reasons, IB is only included when virtual t-channel
particles are sufficiently degenerate in mass that large IB contributions to the total spectrum can
be expected. With a call to dsIBset, this default behaviour can be customized. Finally, radiative
corrections to the annihilation into charged particles X X of course also change the number of X X
pairs per annihilation and thus the corresponding yield of particles in the further decay of the
annihilation products. At the moment, apart from the photon yield, only the IB positron yield is
implemented in DarkSUSY. By default, only the annihilation into the dominating channel ete™7 is
taken into account in this case; again, this behaviour can be modified by a call to dsIBset.
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Chapter 19

src/ini:
Initialization routines

19.1 Initialization routines

Before DarkSUSY is used for some calculations, it needs to be initialized. This is done with a call to
dsinit. This routine makes sure that all standard parameters are defined, such as standard model
parameters and particle codes. It also calls the different ds*set routines with the argument default.
E.g., the halo model is set to the default choice with a call to dshmset('default’). Analogously, all
other routines with a ds*set routine is also called to set them up to the default model/parameters.

This means that the call to dsinit should be the first call in any program using DarkSUSY. Any
calls the user makes to other routines, either to calculte things or select a different model (e.g. a
different halo model) should come after the call to dsinit.
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Chapter 20

src/wa:
Yields from WIMP annihilation in
the Sun/Earth

20.1 Muon yields from annihilation in the Earth/Sun — the-
ory

We need to take into account all processes that yield muon neutrinos from annihilation in the
Earth/Sun. To do this, we use a Monte Carlo, WimpSim [198], to simulate annihilations in the
center of the Sun/Earth, neutrino oscillations and neutrino interactions on the way out of the
Sun/Earth and to the detector.

20.1.1 Monte Carlo simulations with WimpSim

We need to evaluate the yield of different particles per neutralino annihilation. The hadronization
and/or decay of the annihilation products are simulated with PyTHIA [90] 6.414 and we here describe
how the simulations are done. For annihilation in the Sun/Earth the simulations are done for a set
of 19 neutralino masses, m, = 10, 25, 50, 80.3, 91.2, 100, 150, 176, 200, 250, 350, 500, 750, 1000,
1500, 2000, 3000, 5000 and 10000GeV. We tabulate the yields and then interpolate these tables in
DarkSUSY.

We are mainly interested in the flux of high energy muon neutrinos and neutrino-induced muons
at a neutrino telescope. We simulate 13 ‘fundamental’ annihilation channels, for each mass (where
kinematically allowed) above. In Table 20.1] we list the ‘fundamental’ channels for which simulations
are run and the full set of more complex channels. Pions and kaons get stopped before they decay
and are thus made stable in the PYTHIA simulations so that they don’t produce any neutrinos. For
annihilation channels containing Higgs bosons, we can calculate the yield from these fundamental
channels by letting the Higgs bosons decaying in flight (see below). We also take into account the
energy losses of B-mesons in the Sun and the Earth by following the approximate treatment of
[91] but with updated B-meson interaction cross sections as given in [76]. We also take neutrino-
interactions on the way out of the Sun into account by considering the charged-current interaction
as a neutrino-loss and the neutral current interactions are simulated with nusigma [199]. The
neutrino-nucleon charged current interactions close to the detector are also simulated with nusigma
and finally the multiple Coulomb scattering of the muon on its way to the detector is calculated
using distributions from [55]. We have used the CTEQ6 structure functions in these simulations.
We also take into account neutrino oscillations with a full three-neutrino Monte Carlo. All of these
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processes are put into the simulation package WimpSim wimpsim that can be downloaded separately.
Results from simulation runs with this package are included with DarkSUSY. For more details on
these simulations, see [200].

For each annihilation channel and mass we simulate 1 x 107 annihilations and tabulate the
final results as a neutrino-yield, neutrino-to-lepton conversion rate, a muon yield and hadronic
shower yields differential in energy and angle from the center of the Sun/Earth. We also tabulate
the integrated yield above a given threshold and below an open-angle . We assumed throughout
that the surrounding medium is water with a density of 1.0 g/cm®. Hence, the neutrino-to-muon
conversion rates have to be multiplied by the density of the medium. In the muon fluxes, the density
cancels out (to within a few percent). All results are summarized as yield tables that can be loaded
and interpolated in with DarkSUSYThis is done with the function dswayieldf. There are two kinds
of yield, kind=1 gives integrated yields and kind=2 gives differential yields. For each kind, there are
26 different types of yield available according to Table

With these simulations, we can calculate the yield for any of these particles for a given MSSM
model. For the Higgs bosons, which decay in flight, an integration over the angle of the decay
products with respect to the direction of the Higgs boson is performed. Given the branching ratios
for different annihilation channels it is then straightforward to compute the yield above any given
energy threshold and within any angular region around the Sun or the center of the Earth. The
routine dswayieldone calculates the yield for one channel, i.e. even these complex channels containing
Higgs bosons, whereas the main routine dswayield calculates the total yield for a given model. Note
that the WIMP annihilation yield routines do not know about SUSY at all, so before they are
called, a routine dswasetup is called to set up the annihilation branching ratios for the WIMP and
decay channels for the Higgs bosons. In Tables and P0.3] the Higgs decay width channels
are given. If these routines are used with other particle physics models, replace dswasetup with a
routine appropriate for your particle physics model and then call dswayield as usual.
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Annihilation channel Internal channel Internal channel array index
ch Particles chi chii
i S - -
2 5959 ; ;
3 5950 ; i
4 950 i :
5 S0g0 ; ;
6 5950 ; ;
7 S—ST - -

8 AR - -

9 7059 - ;
10 AR - -
11 W=St/W+rw—- - -
12 YAVAS 9 9
13 WHWw = 8 8
14 Voo 12 11
15 ete - -
16 Vi, 13 12
17 wrp 10 -
18 7 14 13
19 TrrT 11 10
20 ul 2 2
21 dd 1 1
22 cc 4 4
23 S5 3 3
24 tt 6 6
25 bb 5 5
26 g9 7 7
27 q99 - -
28 7Y - -
29 Z0 - -

Table 20.1: The annihilation channels ch used in dswayieldone. Also shown are the internal channel
numbers chi used for the fundamental channels used in the simulations (used by routine dswayieldf).
To save some additional space with the data files in memory, there are also array index channel
numbers chii that are only used internally to access the right elements of the yield arrays. S denotes
scalars (Higgs bosons).

Decay width channel

dch Particles

1-29 Same as the annihilation channels in Table
30 Sfermions

31 Neutralinos

32 Charginos

Table 20.2: The neutral scalar (Higgs) decay width channels used. In DarkSUSY these are stored
in the array hdwidth(i,j) where i is the decay channel index above and j is the Higgs number (1-3
for HY, HY and HY respectively). For the wa routines, these decay branching ratios (partial width
divided by total width) are stored in dswasObr(i,j).
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Decay width channel

dch Particles
1 ud

2 us

3 ub

4 ed

5 cs

6 cb

7 td

8 ts

9 th

10 veet

11 vt

12 vt

13 wW+s9

14 W+S9

15 W+S9

20 Sfermions
21 Neutralinos and charginos

Table 20.3: The (positively) charged scalar (Higgs) decay width channels used. In DarkSUSY these
are stored in the array hdwidth(i,4) where i is the decay channel index above. For the wa routines,
these decay branching ratios (partial width divided by total width) are stored in dswascbr(i).
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Yield type

type Yield Unit

1 Ve 1073% m~? annihilation™!
2 7 10739 m~2 annihilation™!
3 Vy 10739 ;m~2 annihilation™!
4 vy 10739 ;~2 annihilation™!
5 vy 1073% m~2 annihilation™!
6 7 1073% m~2 annihilation™!
7 e~ at neutrino-nucleon vertex 1073% m~3 annihilation™!
8 et at neutrino-nucleon vertex 10739 m;—3 annihilation—!
9 1~ at neutrino-nucleon vertex 1073% m~3 annihilation™!
10 1T at neutrino-nucleon vertex 1073% m~3 annihilation~!
11 7~ at neutrino-nucleon vertex 1073% m~3 annihilation™!
12 7T at neutrino-nucleon vertex 1073% m~3 annihilation™!
13 1~ at an imaginary plane at detector 1073% m~2 annihilation™!
14 ut at an imaginary plane at detector 1073% m~2 annihilation™!
15 hadronic shower from v, CC int. at neutrino-nucleon vertex 1073 m~3 annihilation™!
16 hadronic shower from 7, CC int. at neutrino-nucleon vertex 1073 m~3 annihilation™!
17 hadronic shower from v, CC int. at neutrino-nucleon vertex 1073° m~3 annihilation™!
18 hadronic shower from #,, CC int. at neutrino-nucleon vertex 10739 m~3 annihilation—!
19 hadronic shower from v, CC int. at neutrino-nucleon vertex 1073 m~3 annihilation™!
20 hadronic shower from 7, CC int. at neutrino-nucleon vertex 1073% m~3 annihilation™!
21 hadronic shower from v, NC int. at neutrino-nucleon vertex 1073 m~3 annihilation™!
22 hadronic shower from 7, NC int. at neutrino-nucleon vertex 1073 m~3 annihilation™!
23 hadronic shower from v, NC int. at neutrino-nucleon vertex 1073° m~3 annihilation™!
24 hadronic shower from 7, NC int. at neutrino-nucleon vertex 10739 ;—3 annihilation—!
25 hadronic shower from v, NC int. at neutrino-nucleon vertex 1073 m~3 annihilation™!
26 hadronic shower from 7, NC int. at neutrino-nucleon vertex 1073 m~3 annihilation™"

Table 20.4: The yield types available from the wa routines. All of these yields are at the detec-
tor (currently IceCube). Note that the units are for integrated yields (kind=1), for differential

yields (kind=2), the units should be multiplied by GeV~! degree~!.

interactions. NC int. = neutral current interactions.

CC int. = charged current
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Chapter 21

src/nt:
Neutrino and muon rates from

annihilation in the Sun/Earth

21.1 Neutrinos from the Sun and Earth — theory

There are several indirect methods for detection of neutralinos. One of the most promising [94] is
to make use of the fact that scattering of halo neutralinos by the Sun and the planets, in particular
the Earth, during the several billion years that the Solar system has existed, will have trapped
these neutralinos within these astrophysical bodies. Being trapped within the Solar or terrestrial
material, they will sink towards the center, where a considerable enrichment and corresponding
increase of annihilation rate will occur.

Searches for neutralino annihilation into neutrinos will be subject to extensive experimental
investigations in view of the new neutrino telescopes (AMANDA, IceCube, Baikal, NESTOR,
ANTARES) planned or under construction [95]. A high-energy neutrino signal in the direction
of the centre of the Sun or Earth is an excellent experimental signature which may stand up against
the background of neutrinos generated by cosmic-ray interactions in the Earth’s atmosphere.

There are several different approximations one could do, or processes to include when calculating
the capture rates in the Earth/Sun and many of these are coded into DarkSUSY. The default in
DarkSUSY is always to use the best calculations available, but more approximate (older) routines are
also available, as well as more speculative signals, like the Damour-Krauss signal (not included by
default). If you want to use something else than the defaults, or want to call more internal rotuines
(more internal than dsntrates or dsntdiffrates), you should read the following sections carefully.

21.1.1 Neutrino yield from annihilations

The differential neutrino flux from neutralino annihilation is
dE, 47 D? 7 X dE,

(21.1)

where T'4 is the annihilation rate, D is the distance of the detector from the source (the central
region of the Earth or the Sun), f is the neutralino pair annihilation final states, and Bgz are the
branching ratios into the final state f. dNJf /dE, are the energy distributions of neutrinos generated
by the final state f and are obtained from the PYTHIA simulations described in section ?7.

In comparison with calculations using the results of [91] (e.g. [96]), this Monte Carlo treatment
of the neutrino propagation through the Sun does not need the simplifying assumptions previously
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made, namely neutral currents are no more assumed to be much weaker than charged currents and
energy loss is no more considered continuous.

The neutrino-induced muon flux may be detected in a neutrino telescope by measuring the
muons that come from the direction of the centre of the Sun or Earth. For a shallow detector,
this usually has to be done in the case of the Sun by looking (as always the case for the Earth)
at upward-going muons, since there is a huge background of downward-going muons created by
cosmic-ray interactions in the atmosphere. There is always in addition a more isotropic background
coming from muon neutrinos created on the other side of the Earth in such cosmic-ray events (and
also from cosmic-ray interactions in the outer regions of the Sun). The flux of muons at the detector
is given by

dN [e%e] &) E,
Y _ N, dE, / d\ / dE), P(E,, E); \)
dE, Eth 0 E,

dou(El,,EL) dN,,
dEL dE,’

(21.2)

where A is the muon range in the medium (ice or water for the large detectors in the ocean or at
the South Pole, or rock which surrounds the smaller underground detectors), do, (Ey, E,)/dE}, is
the weak interaction cross section for production of a muon of energy EL from a parent neutrino of
energy E,, and P(E,, E}; \) is the probability for a muon of initial energy E, to have a final energy
E,, after passing a path-length X inside the detector medium. Eth is the detector threshold energy,
which for “small” neutrino telescopes like Baksan, MACRO and Super-Kamiokande is around 1
GeV. Large area neutrino telescopes in the ocean or in Antarctic ice typically have thresholds of
the order of tens of GeV, which makes them sensitive mainly to heavy neutralinos (above 100 GeV)
[97].

The integrand in Eq. (ZL2) is weighted towards high neutrino energies, both because the cross
section o, rises approximately linearly with energy and because the average muon energy, and
therefore the range A, also grow approximately linearly with E,. Therefore, final states which give
a hard neutrino spectrum (such as heavy quarks, 7 leptons and W or Z bosons) are usually more
important than the soft spectrum arising from light quarks and gluons.

21.1.2 Evolution of the number density in the Earth/Sun

Neutralinos are steadily being trapped in the Sun or Earth by scattering, whereas annihilations
take them away. Let N(t) be the total number of neutralinos trapped, at time ¢, in the core of, for
example, the Earth. The annihilation rate of neutralino pairs can be written as

1

Tu(t) = 5 Ca N2(t). (21.3)
The evolution of N(t) is the result of the competition between capture and annihilation:

dN

T C.(t) — Cy N? (21.4)

The constant C. is the capture rate, and C, entering equations (2L3]) and [2I.4)) is linked to the
annihilation cross-section o,, and to some effective volumes Vj, j = 1,2, taking into account the
quasi-thermal distribution of neutralinos in the Earth core:

Vi
Cy = (04 v) v_22 (21.5)
1
- —3/2
Vj ~ 2.3 x 10% <1é Gj\/) cm? . (21.6)

This has the solution for the annihilation rate implemented in DarkSUSY

Ty = %tanhQ (f) : (21.7)

T
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where the equilibration time scale 7 = 1/1/C.C,. In most cases for the Sun, and in the cases of
observable fluxes for the Earth, 7 is much smaller than a few billion years, and therefore equilibrium
is often a good approximation (N(t) = 0). This means that it is the capture rate which is the
important quantity that determines the neutrino flux. However, in the program we keep the exact

formula ([2I77), with some modifications discussed in Sec. 2T.T.]).

21.1.3 Approximate capture rate expressions

The capture rate induced by scalar (spin-independent) interactions between the neutralinos and
the nuclei in the interior of the Earth or Sun is the most difficult one to compute, since it depends
sensitively on the Higgs mass, form factors, and other poorly known quantities. However, this
spin-independent capture rate calculation is the same as for direct detection treated in Section 77.
Therefore, there is a strong correlation between the neutrino flux expected from the Earth (which
is mainly composed of spin-less nuclei) and the signal predicted in direct detection experiments
[07, [98]. It seems that even the large (kilometer-scale) neutrino telescopes planned, when searching
for neutralino annihilation in the Earth, will not be competitive with the next generation of direct
detection experiments when it comes to detecting neutralino dark matter. However, the situation
concerning the Sun is more favourable. Due to the low counting rates for the spin-dependent
interactions in terrestrial detectors, high-energy neutrinos from the Sun constitute a competitive
and complementary neutralino dark matter search. Of course, even if a neutralino is found through
direct detection, it will be extremely important to confirm its identity and investigate its properties
through indirect detection. In particular, the mass can be determined with reasonable accuracy by
looking at the angular distribution of the detected muons [99, [T00].

For the Sun, dominated by hydrogen, the axial (spin-dependent) cross section is important and
relatively easy to compute. A reasonably good approximation is given by [3]

s _ ( Px ) 100 GeV o (21.8)
(1.3-1023s1) (270 kms~—1/0)  \0.3 GeVcm—3 My 10—40 cm? '

where 0‘;()1( is the cross section for neutralino-proton elastic scattering via the axial-vector interac-
tion, v is the dark-matter velocity dispersion, and p, is the local dark matter mass. The capture
rate in the Earth is dominated by scalar interactions, where there may be kinematic and other
enhancements, in particular if the mass of the neutralino almost matches one of the heavy elements
in the Earth. For this case, a more detailed analysis is called for, which is available in [80] with
convenient approximations in [3]. In fact, also for the Sun the spin-independent contribution can
be important, in particular iron may contribute non-negligibly. For the Sun, the approximation in
[3] is also available,

csl _ ( Px ) 100 GeV y
(4.8-10225-1) (270 kms—1/5)  \0.3 GeVcm=3 my

> (Jiii) Fa(my)fa¢aS (my/ma) /ma, (21.9)

1040 cm?
A

where f4 is the mass fraction of element A and ¢4 is the typical gravitational potential (relative to
the surface) for that element. L.e. an element that is concentrated in the core will have a higher ¢ 4
than an element at the surface. A is the atomic number of the element and M4 is its mass. The
factor S is a kinematical suppression factor [3|, [I61]. In the next subsection we will go through the
compositions of the Earth/Sun that we use.

The approximate capture rate expressions above are coded into the routines dsntcapsun and
dsntcapearth. More accurate expressions will follow in the coming subsections.
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Average parameters

Element Mass number (A) fi i

Hydrogen, H 1 0.670 3.15
Helium-4, “He 4 0.311 3.40
Carbon, C 12 0.00237 2.85
Nitrogen, N 14 0.00188 3.83
Oxygen, O 16 0.00878 3.25
Neon, Ne 20 0.00193 3.22
Magnesium, Mg 24 0.000733 3.22
Silicon, Si 28 0.000798 3.22
Sulphur, S 32 0.000550 3.22
Iron, Fe 56 0.00142 3.22

Table 21.1: The composition of the Sun with average parameters to be used in the approximative
relations given in [3]. These values are updated with the solar model of [190] and differs slightly
from the values used in [3].

Mass Mass fraction Average parameters

Element number (A) Core Mantle fi ®i

Oxygen, O 16 0.0 0.440 0.298 1.20
Silicon, Si 28 0.06 0.210 0.162 1.24
Magnesium, Mg 24 0.0 0.228 0.154 1.20
Iron, Fe 56 0.855  0.0626 0.319 1.546
Calcium, Ca 40 0.0 0.0253 0.0171 1.20
Phosphor, P 30 0.002  0.00009 0.00071 1.56
Sodium, Na 23 0.0 0.0027 0.00183 1.20
Sulphur, S 32 0.019 0.00025 0.0063 1.59
Nickel, Ni 59 0.052 0.00196 0.0181 1.57
Aluminum, Al 27 0.0 0.0235 0.0159 1.20
Chromium, Cr 52 0.009  0.0026 0.0047 1.44

Table 21.2: The composition of the Earth’s core and mantle. The core mass fractions are from
[I72][Table 4] and the mantle mass fractions are from [I72][Table 2]. The average mass fractions
and potentials in the last two columns are weighted averages assuming a core mass of 1.93-10%* kg
and a mantle mass of 4.04 - 10** kg with average potentials (relative to the surface) of 1.6 in the
core and 1.2 in the mantle [80].

21.1.4 Earth and Sun composition

When the capture rates are calculated, we need to know the composition and density of the
Earth/Sun as a function of depth.

In [3] they used average mass fractions and potentials for the location of the various elements
in the Sun. We have updated these to the BP2000 [190] values instead, as given in Table 2T.]

For the Earth, we have also implemented more accurate density profiles and more up-to date
chemical distributions within the Earth. We use the estimates for the Earth composition given in
[172][Table 2 for the mantle and Table 4 for the core]. In TableR2T.2lwe list these values together with
the average parameters f; and ¢; that should be used in the expressions for the approximate capture
rates in the previous section. Note that using these average parameters instead of integrating over
the full radius is equivalent to putting all the elements of the give type at the gravitational potential
;.

We also need the density profile of the Earth, and for this we use the values in [I07]. Using this
density profile, we can calculate the gravitational potential, ¢(r) inside the Earth and from this one
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Figure 21.1: In a) the density profile and in b) the escape velocity in the Earth is shown.

the escape velocity v inside the Earth,

v=11.2

¢(r)
2(Re) km/s. (21.10)

In Fig. BT.1] we show the density profile and escape velocity inside the Earth.

21.1.5 More accurate capture rate expressions

Another complicating factor when calculating the capture rates is the integration over the velocity
distribution. In [80], parts of the integrations are performed analytically for a Gaussian veolocity
distributions. These expressions are also coded in DarkSUSYfor the Earth and give a more accurate
calculation of the capture rate in the Earth than the approximations given above. The routine
dsntcapearth2 performs these calculations for the Earth.

21.1.6 Accurate capture rates in the Earth for general velocity distribu-
tions

If one wants even more accurate and general expressions for the capture rates in the Sun/Earth,
we have also implemented the full expressions in [80], but without assuming that the velocity dis-
tribution is a Gaussian (or Maxwell-Boltzmann). These routines are now the default in DarkSUSY.

We will here outline how these expressions look like for the Earth and how they can be used
both for a Maxwell-Boltzmann distribution and for a general velocity distribution. The expressions
will of course look analogously for the Sun. We start with the general case and study the special
case of a Maxwell-Boltzmann distribution in the next section.

We will divide the Earth into shells and calculate the capture from element ¢ in each shell
individually. At the end we will integrate over all the shells and sum over all the elements in the
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Earth. The capture rate from element ¢ per unit shell volume is given by [80][Eq. (2.8)]

dc; — [tmer f(u) -
G —/0 du ” w,  (w) (21.11)

where f(u) is the velocity distribution (normalized such that [;° f(u) = n, where n, is the number
density of WIMPs. The expression 2, ;(w) is related to the probability that we scatter to orbits
below the escape velocity. w is the velocity at the given shell and it is related to the velocity at
infinity u and the escape velocity v by

w =V u?+ v (21.12)

The upper limit of integration is a priori set to e, = 00, but we will see below that due to
kinematical reasons we can set it to a lower value (Eq. 2LI7) below). If we allow for a form factor
suppression of the form [80][Eq. (A3)]

|F(¢*)]* = exp (—AE—;E) (21.13)
with [80][Eq. (A4)]
3h*
0= W (21.14)

we can evaluate w), ;(w) and arrive at the expression [80][Eq. (A6)]

w2 myu? — o 2t 1 u?
wQ, (w) = oini—L2E, e 2P0 —e "+ 1o (—2 - = 2> (21.15)
; i J L Vs )
where we have introduced 11
m
p=x s =tn (21.16)

with m; the mass of element i. The Heaviside step function © plays the role of only including
WIMPs that can scatter to a velocity lower then the escape velocity v. To simplify our calculations
we can drop this step function in Eq. (2ITH) and instead set the upper limit of integration in

Eq. @2LII) to
'
Umax = PR (2117)
[Vl

We also need the scattering cross section on element ¢, which can be written as [3][Eq. (9-25)]

(mxmi)2 (my + mp)2
(my +mi)? (mymyp)?

0; = 0, A7 (21.18)
where A; is the atomic number of the element, m,, is the proton mass and oy, is the scattering cross
section on protons.

We now have what we need to calculate the capture rate. In Eq. (ZI.TI]) we integrate over the
velocity for our chosen velocity distribution. We then integrate this equation over the radius of the
Earth and sum over all the different elements in the Earth,

Rg dC
= d L Ay 21.1
C / z L (21.19)

Note that we have not assumed anything special about our velocity distribution, it doesn’t even
have to be isotropic since the distribution of elements evenly in the shells will make an anisotropic
distribution on average to behave as an isotropic one.




21.1. NEUTRINOS FROM THE SUN AND EARTH - THEORY 7

The routines that calculate the capture rates with these general (and accurate) expressions are
dsntcapearthnum and dsntcapsunnum. As these calculations are somewhat time-consuming, we have
also added a possibility to tabulate the result and interpolate in these tables. To use (or create, if
the table files are missing) instead call dsntcapearthtab and dsntcapsuntab. These last two routines
are the default in DarkSUSY. The velocity distribution used is determined by a switch when the
halo model is set (i.e. when dshmset is called).

21.1.7 Accurate capture rates for the Earth for a Maxwell-Boltzmann
velocity distribution

We will here give some more information on how the approximations introduced in the beginning
of this chapter are derived from the general expressions in the preceeding section.

If the velocity distribution is of Maxwell-Boltzmann type we can greatly simplify our expressions
above as we can perform the integration over velocity analytically. The integration over radius can
also be further simplified by using the average mass fractions f; and potentials ¢; in Tables 2T.T}
21.2)

If the velocity distribution in the halo is Maxwell-Boltzmann, it looks like

wleo
< |Ai
)

4 (3\%u? _gu
fr(u)du = nxﬁ <§> 53¢ 77 du (21.20)
where © is the three-dimensional velocity dispersion and n, is the number density of WIMPs in the
halo. However, the solar system moves through the halo with a velocity v, and the distribution on
observer with this velocity through the halo will see is

52 sinh (3%= 3 3 (u—wv)2 3 (utva)?
f*(U)th(U)efgﬁ_z%znx\/Q— - [eg e (21.21)
2k m

VU«

Now one would naively believe that this is not the distribution that an observer at the Earth will
see. First of all, the Earth is moving with respect to the Sun and secondly, the WIMPs have
gained speed by the gravitational attraction of the Sun when they reach the Earth. Both of these
arguments are true and the distribution of WIMPs in the halo will not look like Eq. 2I.21) to an
observer on the Earth. However, Gould [104] showed that WIMPs from the halo can diffuse into
the solar system due to gravitational interactions with the planets and this distribution of WIMPs
will roughly look like as if the Earth was in free space moving through the halo with the velocity
of the solar system, i.e. Eq. 21.2T). We will later scrutinize this statement, as it turns out that it
does not quite hold, but as a first guess it is a reasonable approximation. For the Sun, though, the
velocity distribution give above is the correct one for a Maxwell-Boltzmann distribution.

With the distribution Eq. 2L2I]) we can analytically perform the integration over velocity in
Eq. ZLII). After some algebra we arrive at [80][Eq. (A10)]

dc; (E)% TiMiTy T

dav 3n 2bn
e—an’ ~ ~ A ~ A
— [Qerf(ﬁ) —erf(Ay) + erf(A,)]
e’b772

e~ (a=b)4® [2eNrf(ﬁ) —erf(Ay) + eNrf(/L)} (21.22)

Vv1+b

where erf is the modified error function,

erf(z) = \/TEerf(x) ; erf(z) = % /0z e dy. (21.23)

™
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Following Gould [80], we have in Eq. (2I.22)) introduced the following shorthand notation:

_ [zl . _ mchin? . _
nf\/gﬁ ;o a= g ; bf;l’é:a
=7= ; §n=—=
Vifa Vitb 5 (21.24)
A=350  A=AV/T+a ; A=AVI+D
Ay =A+qn ; Ay =A+p

If we wish, we can now integrate Eq. (21.22) over radius just like in the previous section, but we
can without loosing too much accuracy, replace this integration with a sum over the elements in
the Earth with their respective typical location. I.e. we can write

o=y 4G 1AM (21.25)

where we instead of the number density n; use the total number of atoms of the given type f; Mg /m,.
Note that for each element in the sum we should evaluate this expression at the given typical
gravitational potential ¢; of the element, i.e. with the escape velocity given by Eq. (ZLI0). The
mass fractions f; and typical potentials ¢; are listed in Table (and analogously in Table 2T.1]
for the Sun). This approximation introduces an error of no more than about 1-2% for a Maxwell-
Boltzmann distribution]

The capture rate evaluated with the expressions shown here are encoded into the routine dsnt-
capearth2. Note that we have not coded the corresponding approximate expressions for the Sun.
Instead, as given in the preceeding section, we now have more accurate expressions for both the
Sun and the Earth.

21.1.8 A possible new population of neutralinos

Recently, it has been shown that the scattering process in the Sun can populate orbits which
subsequently result in a bound Solar System population of WIMPs [10T] [102] and which can be
comparable in spectral density, in the region of the Earth, to the Galactic halo WIMP population.
This new population consists of WIMPs that have scattered in the outer layers of the Sun and
due to perturbations by the other planets (mainly Venus and Jupiter) evolve into bound orbits
which do not cross the Sun but do cross the Earth’s orbit. This population of WIMPs should have
a completely different velocity distribution than halo WIMPs and will thus have quite different
capture probabilities in the Earth. The predicted WIMP abundance, and spectrum, relevant for
direct detection have been calculated in [I0T] T02], where it was shown that although the total
rates may not change by a large amount, there could be a striking directional effect, which could
be of impoertance once detectors with directional sensitivity are built. Also for capture in the
Earth, and the predicted indirect neutrino signature, there are poissibly large effects, incorporated
as an optional choice in DarkSUSY, coming from this new population [77]. (Other studies of solar
system populations of WIMPs can be found in [TI03], [104]. See also the comments in [I05] about the
uncertainties involved in estimating these effects.)

The enhancement caused by the new population is only important for neutralino mass less than
150 - 170 GeV (the exact number depending on details about the angular momentum distribution
7).

Following the notation of [I01 [102] one can write the contribution from the new population of
neutralinos to the usual halo neutralino density as

S = n(a1) _ (secondary) neutralino density at the Earth (21.26)
E= 0y T halo neutralino density at infinity ’ '

*Note that it is not advisable to use this approximation for general velocity distributions. If one e.g. has a lower
limit on possible velocities, Uumin, for heavy WIMPs capture will then only be possible very close to the central core.
Replacing the actual distribution of potentials ¢(r) with the typical value ¢; may then introduce larger errors. We
will encounter these kind of distributions shortly.
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where

5.44 x 1036 0.212 10
bp = ——— " g GeVem 2= — 2 ,(-10) 21.27
b (UO/ZQOkmsfl) Jrot (v0/220kmsfl) Jiot ( )

Here, gt(o_tlo) = 10" gt (GeV)?, and grot = Y. 4 (fa/ma)oa ¢%, where fa is the mass fraction of
element A in the Sun, and ¢% is the surface value of the capture function on the element of mass
number A in the Sun [102].

The scattering rate of neutralinos in the outer layers of the Sun (which causes the fast halo
neutralinos to lose enough energy to enter bound orbits close to the Earth’s orbit) is proportional
to 0 4¢%, which can be calculated once the parameters of the SUSY neutralino in question are fixed.
(For the elemental abundances in the Sun, we use the compilation in [106].)

The values of gt(;tlo) can in some cases approach unity. The spread is very large, however, and
some models give orders of magnitude smaller values. As would be expected, the models with the
highest values of gt(o_tlo) are the same models which give high scattering rates in direct detection
experiments. As mentioned, the integrated effect of the new population in direct experiments is not
very prominent (see refs. [I0I], [102]). On the other hand, they can imply a large effect on indirect
detection neutrino rates.

The total capture rate is computed according to the formulas in [77], which take into account
that the annihilation rates from the earth will, in general depend on time in a different way than
the simple result in Eq. (2L.1).

Due to this nonlinear nature of the capture rate, there is no simple scaling of the computed
detection rates with the local halo density. Therefore, it is advisable that the user rescales the local
halo density (see section [[G.I.1]) before calculating the rates in neutrino telescopes.

The new population can cause an increase of the detection rates by as much as a factor of 100
when the neutralino mass is less than around 150 GeV.

21.1.9 Effects of WIMP diffusion in the solar system

As the Earth has a rather low escape velocity, the Earth will only be able to capture WIMPs that
have a rather low velocity with respect to the Earth. However, WIMPs from the halo have gained
speed in the gravitaional potential from the Sun and will essentially be impossible to capture by the
Earth. Hence, the Earth will only capture WIMPs that have diffused around in the solar system (by
gravitational interactions with the other planets). Gould showed [I87] that effectively this diffusion
will lead to the same phase space distribution at the Earth as if the Earth was in free space (i.e.
neglecting the solar potential). However, numerical simulations of asteroids showed that they are
thrown into the Sun due to perturbations of the orbits by other planets, see e.g. [I88]. These
analyses led to worried that maybe the population of WIMPs diffusing around in the solar system
is not as big as thought [I89]. In [I86], Lundberg and Edsjoé investigated this issue with detailed
numerical simulations of WIMP orbits in the solar system, showing that the annihilation rate in
the Earth is typically reduced by up to two orders of magnitude. In DarkSUSY, we include these
results for the neutrino rates from the Earth by using the velocity distribution at the Earth (as
obtained in [I86]). This velocity distribution is then used as input for our numerical capture rate
routines instead of the usual approximation of using the halo velocity distribution directly. Using
these new velocity distributions for the Earth is the default in DarkSUSY.

21.2 Neutrinos from Sun and Earth — routines

COMMENT #1: NOTE: This section is not up-to date with the current DarkSUSY release.

This set of routines contain routines to calculate the neutrino-induced muon flux from the Earth
and the Sun in various models. It also includes routines that calculate the neutrino-induced muon
flux from other sources, like the Sun’s atmosphere, the Earth’s atmosphere .

COMMENT #2:
(include these??7)
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There are three different methods of calculation available (determined by ntcalcmet in dsntcom.h).
Method 1 uses the approximate formulae for the capture rates in the Earth/Sun from the Jungman,
Kamionkowski and Griest review [3]. Method 2, uses the same expression for the Sun, but the full
expression from Gould [169] for capture in the Earth (this is the default). Method 3, finally, is
the same as 2, but it also includes capture in the Earth from the Damour-Krauss population of
WIMPs that have scattered in the outscirts of the Sun. The easiest way to select method is by
calling dsntset, with the argument ’jkg’ for method 1, 'gould’ or ’default’ for method 2 and ’dk’
for method 3. A call to dsntset(’default’) is made in dsinit, but can be changed by the user
by calling dsntset after dsinit.

To calculate the neutrino-induced muon flux from the Earth, you call

subroutine dsntrates(emuth,thmax,rtype, rateea,ratesu,istat)
Purpose: Calculate the rate of neutrinos or neutrino-induced muons in a neutrino tele-
scope from neutralino annihilation in the Earth and the Sun.

Input:
emuth r8  The neutrino or muon energy threshold in GeV.
thmax r8 The half-aperture opening angle (in degrees) towards the center of the Sun or
the Earth (i.e. the flux will be summed in a cone towards the center of the Sun
or the Earth, where the top-angle of the cone is 2*thmax).
rtype i Type of flux to calculate:
=1: muon neutrino-flux (neutrino and anti-neutrino summed) in units of km=2
yr’l.
=2: neutrino-to-muon conversion rate (muons and anti-muons summed) in units
of km=3 yr=1.
=3: muon flux (muons and anti-muons summed) in units of km=2 yr=1.
Output:
rateea r8 The rate from neutralino annihilation in the Earth in the above units.
ratesu r8 The rate from neutralino annihilation in the Sun in the above units.
istat i =0: Everything went OK.
= 0: Some of the tables of neutrino or muon yields had to be used outside their
tabulated regions. Extrapolations have been used.

subroutine dsntdiffrates(emu,theta,rtype,rateea ratesu,istat)
Purpose: Calculate the differential rate of neutrinos or neutrino-induced muons in a neu-
trino telescope from neutralino annihilation in the Earth and the Sun.

Input:
emu r8 The neutrino or muon energy in GeV.
theta r8 The angle (in degrees) from the center of the Sun or the Earth.
rtype i Type of flux to calculate:
=1: muon neutrino-flux (neutrino and anti-neutrino summed) in units of km=2
yr=! GeV~! degrees™!.
=2: neutrino-to-muon conversion rate (muons and anti-muons summed) in units
of km™3 yr=! GeV~! degrees™!.
=3: muon flux (muons and anti-muons summed) in units of km=2 yr=! GeV~!
degrees™!.
Output:
rateea r8 The rate from neutralino annihilation in the Earth in the above units.
ratesu r8 The rate from neutralino annihilation in the Sun in the above units.
istat i =0: Everything went OK.
# 0: Some of the tables of neutrino or muon yields had to be used outside their
tabulated regions. Extrapolations have been used.
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src/pb:
Antiproton fluxes from the halo

22.1 Antiprotons — theory

Neutralinos can annihilate each other in the halo producing leptons, quarks, gluons, gauge bosons
and Higgs bosons. The quarks, gauge bosons and Higgs bosons will decay and/or form jets that will
give rise to antiprotons (and antineutrons which decay shortly to antiprotons). Since antiprotons are
not very abundant in the Universe, this could in principle be a good signature for supersymmetric
dark matter. However, the cosmic rays (mainly protons) may produce secondary antiprotons in
collisions with the interstellar medium, giving an important background. It was hoped that the
difference in kinematics between such secondary antiprotons and the primary ones generated in
neutralino annihilations would give an unambiguous signature at low antiproton energy. However,
recent calculations indicate that other effects spoil this picture to a large degree [108] [109]. Tt still
remains true, however, that present measurements and upper limits to the antiproton flux may be
used as a constraint to rule out some MSSM configurations with large rates.

Unfortunately, there is a larger uncertainty in limits thus obtained than, for example, for the
signal from neutrinos from the Earth and Sun. This is due to the severe astrophysical uncertainties
about the phase space structure of the dark matter halo, in particular the density profile towards
the Galactic center. This uncertainty will plague all indirect detection signals from the halo: an-
tiprotons, positrons and gamma-rays. Therefore, the limits that can be put generally involve a
combination of MSSM and halo model parameters, and are therefore of limited use constraining
the MSSM alone.

At tree level the relevant final states for p production are qg, 0, WHW =, Z°Z° W+H~, ZH?,
ZHY, HYHY and HYHY. We have included in DarkSUSY all the heavier quarks (c, b and t), gauge
bosons and Higgs boson final states. In addition, we have included the Z~ ([110]) and the 2 gluon
([I11]; [112]) final states which occur at one loop-level.

The hadronization and/or decay of all final states (including) gluons is simulated with PyTHIA
as described in section ??7. A word of caution should be raised, however, that antiproton data is
not, very abundant, in particular not at the lowest antiproton lab energies which tend to dominate
the signal. Therefore an uncertainty in normalization, probably of the order of a factor 2, cannot
be excluded at least in the low energy region.

81
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22.1.1 The Antiproton Source Function

The source function Q%‘ gives the number of antiprotons per unit time, energy and volume element
produced in annihilation of neutralinos locally in space. It is given by

2
dNT

Q3(T,%) = (Cannv) <M> f i (22.1)

my

where T is the p kinetic energy. For a given annihilation channel f, Bf and dN/ /dT are, respectively,
the branching ratio and the fragmentation function, and (can,v) is the annihilation rate at v = 0
(which is very good approximation since the velocity of the neutralinos in the halo is so low). As
dark matter neutralinos annihilate in pairs, the source function is proportional to the square of the
neutralino number density n, = py/m,. Assuming that most of the dark matter in the Galaxy is
made up of neutralinos and that these are smoothly distributed in the halo, one can directly relate
the neutralino number density to the dark matter density profile in the galactic halo p. Although
what is implemented is a smooth distribution of dark matter particles in the halo, an extension to
a clumpy distribution is potentially interesting as well ([114]; [115]).

22.1.2 Propagation model

In the absence of a well established theory to describe the interactions of charged particles with
the magnetic field of the Galaxy and the interstellar medium, the propagation of cosmic rays has
generally been treated by postulating a semiempirical model and fitting the necessary set of unknown
parameters to available data. A common approach is to use a diffusion approximation defined by
a transport equation and an appropriate choice of boundary conditions (see e.g. [116]; [117] and
references therein).

We have chosen to compute the propagation of cosmic rays in the Galaxy by means of a transport
equation of the diffusion type (see [116]; [I17]). In the case of a stationary solution, the number
density IV of a stable cosmic ray species whose distribution of sources is defined by the function of
energy and space Q(F,Z), is given by:

AN (B, )
ot

On the right hand side of Eq. (2Z2) the first term implements the diffusion approximation for

a given diffusion coefficient D, generally assumed to be a function of rigidity R, while the second

term describes a large-scale convective motion of velocity @. The third term is added to take into

account losses due to to collisions with the interstellar matter. It is a very good approximation to
include in this term only the interactions with interstellar hydrogen, in this case p is given by:

p(E, ) = n" (Z)v(E) o™ (F) (22.3)

crp

= 0=V (D(R,7)VN(E,)) -V (@&) N(E, 7)) - p(E,7) N(E, )+ Q(E,T) . (22.2)

where nf is the hydrogen number density in the Galaxy, v is the velocity of the cosmic ray particle
considered ‘cr’, while O'i;p is the inelastic cross section for cr-proton collisions.

The propagation region is assumed to have a cylindrical symmetry: the Galaxy is split into two
parts, a disk of radius R, and height 2 - hy, where most of the interstellar gas is confined, and a
halo of height 2 - hj, and the same radius. We assume that the diffusion coefficient is isotropic with
possibly two different values in the disk and in the halo, reflecting the fact that in the disk there

may be a larger random component of the magnetic fields. The spatial dependence is then:
D(Z) = D(z) = Dy 0(hg — |2|) + D 0(|z| — hy) . (22.4)

Regarding the rigidity dependence, we consider the same functional form as in [I18] and [119]:

0.6
Dy(R) = DY (1 + R%) (22.5)
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where | = g, h.
The convective term has been introduced in Eq. 222]) to describe the effect of particle motion
against the wind of cosmic rays leaving the disk, assuming a galactic wind of velocity

4(Z) = (0,0,u(z)) (22.6)
where
u(z) = sign(z) up 6(|z| — hy) - (22.7)

An analytic solution is possible also in the case of a linearly increasing wind ([IT15]). The distribution
of gas in the Galaxy is for convenience assumed to have the very simple z dependence

n'(Z) = n"(2) = ng 0(hg — |2]) + 1 0(|z] — hy) (22.8)

where nj, < ny (in practice, n, = 0 is taken) and an average in the radial direction is performed.
As boundary condition, it is usually assumed that cosmic rays can escape freely at the border
of the propagation region, i.e.

N(Rp,z) = N(r,hp) = N(r,—hp) =0 (22.9)

as the density of cosmic rays is assumed to be negligibly small in the intergalactic space.

The cylindrical symmetry and the free escape at the boundaries makes it possible to solve in
DarkSUSY the transport equation expanding the number density distribution N in a Fourier-Bessel
series:

o0 o0
N(r, z,0) = Z Z Jk (VERL) . {Mf(z)cos(k:@) + MPF(2) sin(k6) (22.10)
k=0 s=1 h
which automatically satisfies the boundary condition at » = Rj,, v* being the s-th zero of J; (the
Bessel function of the first kind and of order k). In the same way the source function can be
expanded as:

Qr, 2,0) = i i Ty (M?i) : [Qf(z) cos(kf) + Q% (2) sin(k@)} (22.11)

k=0 s=1 " R
where
Ry, ™
Q%(2) = # /dr’ ! T, <y’?T—/> 1 /do’ cos(k0) Q(r', 2,0') . (22.12)
° Ry Jre1” (VF) ) * Ry ) o s

The equation relevant for the propagation in the z direction is [108]:

k 2

SEDEIZEMEE) = D) () MEG) = 5 () MEE) ~ pMEG) + Q) =0 - (2213)

For —hy < z < hy the solution is given by:
k k ks : ks k
M (z) = M (0) cosh(Ag*z) — W/ dz'sinh (A\;%(z — 2')) Q% (2") (22.14)
0
where
1 Iy Dy Igs k k

MFO) = ¢S coth (AFS(hy, — R I

S( ) COSh()\I;shg) {sinh ()\Zs(hh — hg)) + Dg )\]g& ['Yh + h CO ( h ( h g))] + GC

-1

x [Dg AF® tanh (AF*hg) + Dy, + Dp A coth (AR (hi — hy))] (22.15)
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with

vk \?  nHygin vE\?  nilyoin up
Aoy =) #2220 Af = (2 ) + R 2 = 22.16
; \/(Rh) - D, r) T, Tt m=gp ( )

and

>
>

Q(z) + QE(=2")
2

Iy = dz’ sinh (Af* (hy, — 2)) exp (yn(hg — 2)) -

QN+ QE(—2)

dz'" sinh (A}*(hg — 2')) 5

Igs =

Q)+ Qb=

dz’ cosh (AS®(hy — 2')) 5

Iecc = (22.17)

o\s_ O\»f— 5

In DarkSUSY we have also as an option included the propagation models by Chardonnay et al.
[166] and Bottino et al. [167].

22.1.3 Solar Modulation

A complication when comparing predictions of a theoretical model with data on cosmic rays taken
at Earth is given by the solar modulation effect. During their propagation from the interstellar
medium through the solar system, charged particles are affected by the solar wind and tend to lose
energy. The net result of the modulation is a shift in energy between the interstellar spectrum and
the spectrum at the Earth and a substantial depletion of particles with non-relativistic energies.
The simplest way to describe the phenomenon is the analytical force-field approximation by
Gleeson & Axford [160] for a spherically symmetric model. The prescription of this effective treat-
ment is that, given an interstellar flux at the heliospheric boundary, d®y,/dT}, the flux at the Earth
is related to this by
dTg

2
pg ddy,
Ty) = 22
( EB) P% dTi,

where the energy at the heliospheric boundary is given by

(Th) (22.18)

Ey = Eg + | Ze|or (22.19)
and pg and py, are the momenta at the Earth and the heliospheric boundary respectively. Here e
is the absolute value of the electron charge and Z the particle charge in units of e (e.g. Z = —1 for
antiprotons).

An alternative approach is to solve numerically the propagation equation of the spherically
symmetric model ([120]): the solar modulation parameter one has to introduce with this method
roughly corresponds to ¢r as given above. When computing solar modulated antiproton fluxes,
the two treatments seem not to be completely equivalent in the low energy regime. Keeping this in
mind, we have anyway implemented the force field approximation in DarkSUSY avoiding the CPU
time-consuming problem of having to solve a partial differential equation for each supersymmetric
model.

22.2 Antiprotons from the halo — routines
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src/rd:

Relic density routines (general)

23.1 Relic density — theoretical background

23.1.1 The Boltzmann equation and thermal averaging

Griest and Seckel [I71] have worked out the Boltzmann equation when coannihilations are included.
We start by reviewing their expressions and then continue by rewriting them into a more convenient
form that resembles the familiar case without coannihilations. This allows us to use similar expres-
sions for calculating thermal averages and solving the Boltzmann equation whether coannihilations
are included or not. The implementation in DarkSUSY is based upon the work done in [35]. We
will later in this chapter, for the sake of clarification, assume that we work with supersymmetric
dark matter with the lightest neutralino being the LSP. The routines here are completely general
though and the interface between supersymmetry and the relic density routines is handled by the
routines in src/rn.

23.1.2 Review of the Boltzmann equation with coannihilations

Consider annihilation of N supersymmetric particles x; (¢ = 1,..., N) with masses m; and internal
degrees of freedom (statistical weights) g;. Also assume that my < mg < -+ < mpy_1; < my and
that R-parity is conserved. Note that for the mass of the lightest neutralino we will use the notation
m, and m; interchangeably.

The evolution of the number density n; of particle 7 is

N
d(Z: = —3Hni — Z(aijvij> (ninj - nfqnjq)
j=1
=3 [(ohivis) (ninx — n{n) — (o' ;,0i) (njnx — nn$) |
JFi
— Z [Fij (nl — nfq) — Fji (nj — n?q) ] (23.1)
JFi

The first term on the right-hand side is the dilution due to the expansion of the Universe. H is the
Hubble parameter. The second term describes x;x; annihilations, whose total annihilation cross
section is

oy = ZJ(XZ-X]-HX). (23.2)
X
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The third term describes x; — x; conversions by scattering off the cosmic thermal background,

oy = Za(xiX — x;Y) (23.3)
Y

being the inclusive scattering cross section. The last term accounts for y; decays, with inclusive
decay rates

Ly = D Tl —xX): (23.4)
X

In the previous expressions, X and Y are (sets of) standard model particles involved in the inter-
actions, v;; is the ‘relative velocity’ defined by

\/(Pi “pj)? —mim}
ELE,

(23.5)

Uiy =

with p; and E; being the four-momentum and energy of particle 4, and finally n;® is the equilibrium
number density of particle y;,

eq _  Yi 3 )
n, = on) /d p.fi (23.6)
where p; is the three-momentum of particle i, and f; is its equilibrium distribution function. In the
Maxwell-Boltzmann approximation it is given by

fi=e BT (23.7)
The thermal average (0;;v;;) is defined with equilibrium distributions and is given by

3. 73
<Uijvij> _ fd pid p]fzfjgzjvz] (238)
[ @pidip;fif;

Normally, the decay rate of supersymmetric particles x; other than the lightest which is stable
is much faster than the age of the universe. Since we have assumed R-parity conservation, all of
these particles decay into the lightest one. So its final abundance is simply described by the sum
of the density of all supersymmetric particles,

N
n=> n,. (23.9)
i=1

For n we get the following evolution equation

N
dn
E = —3H7’L — . E 1<Uijvij> (ninj — nfqniq) (23'10)
)=

where the terms on the second and third lines in Eq. (23] cancel in the sum.

The scattering rate of supersymmetric particles off particles in the thermal background is much
faster than their annihilation rate, because the scattering cross sections oy, are of the same order
of magnitude as the annihilation cross sections o;; but the background particle density nx is much
larger than each of the supersymmetric particle densities n; when the former are relativistic and the
latter are non-relativistic, and so suppressed by a Boltzmann factor. In this case, the yx; distributions
remain in thermal equilibrium, and in particular their ratios are equal to the equilibrium values,

— o~ L (23.11)
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We then get
U 3t~ (o) (0~ 2, 2312
where o e
(Oefrv) = Z<oijvij>%%. (23.13)

ij
23.1.3 Thermal averaging

So far the reviewing. Now let’s continue by reformulating the thermal averages into more convenient
expressions.

We rewrite Eq. (2313) as

ijloigvgngni® A
(gerv) = 5 =5
Neq Neq

(23.14)

For the denominator we obtain, using Boltzmann statistics for f;,

eq __ eq __ gi 3 —E;/T _ T 2 m;
nq_zmq_z(%)g/d pie BT = 3 gtk (%) (23.15)

i

where K is the modified Bessel function of the second kind of order 2.
The numerator is the total annihilation rate per unit volume at temperature T,

9i9;
A = Z(aijvij)nfqnjq = Z J /dg’pid?’pjfifjaijvij (23.16)
1) )

(28

It is convenient to cast it in a covariant form,

9i[id’pi g;fid*p;
A= [ wy . 23.17
~ / 7 (2m)32E; (2r)32E, (23.17)

W;; is the (unpolarized) annihilation rate per unit volume corresponding to the covariant normal-
ization of 2F colliding particles per unit volume. Wj; is a dimensionless Lorentz invariant, related
to the (unpolarized) cross section throug

Wij = 4pij\/g(7ij = 4Uij \/(pz 'pj)2 - mfm? = 4EiEjUijvij- (2318)

Here
[s — (mi +m;)? Yz [s — (mi; — mj)2]1/2
Dij = 5 \/5
is the momentum of particle x; (or x;) in the center-of-mass frame of the pair x;x;.
Averaging over initial and summing over final internal states, the contribution to W;; of a general
n-body final state is

(23.19)

1
Wﬁfbody _
* 9i9;Sf

3
Z / |./\/l|2 (2m) 46 (p; + Dj — prf) H (27cf)+2fEf’ (23.20)

internal d.o.f. f

where Sy is a symmetry factor accounting for identical final state particles (if there are K sets of
Ny, identical particles, k = 1,..., K, then S; = Hszl Ng!). In particular, the contribution of a
two-body final state can be written as

ppr2-body _ Dk
e 1672g:9;Sk/s . Z

internal d.o.f.

/|M(ij — k)| dQ, (23.21)

*The quantity w;; in Ref. [65] is W;; /4.
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where py; is the final center-of-mass momentum, Sj; is a symmetry factor equal to 2 for identical
final particles and to 1 otherwise, and the integration is over the outgoing directions of one of the
final particles. As usual, an average over initial internal degrees of freedom is performed.

We now reduce the integral in the covariant expression for A, Eq. (23.17), from 6 dimensions to
1. Using Boltzmann statistics for f; (a good approximation for 7' < m)

A= Z/gig‘Wi‘e_Ei/Te_Ej/T @’pi__dp; (23.22)
= 7 (27)32F; (2m)32E;’

where p; and p; are the three-momenta and F; and E; are the energies of the colliding particles.
Following the procedure in Ref. [68] we then rewrite the momentum volume element as

1
d*p;d®p; = 47|p;|E;dE; An|p;|E;dE; 5 doost (23.23)

where 6 is the angle between p; and p;. Then we change integration variables from E;, E;, 6 to
E,, E_ and s, given by

E. = E+E;
E. = E -E; (23.24)
s = m?er?wLQEiEj — 2|pil|p;| cos ¥,

whence the volume element becomes

d3p; d*p; 1 dE.dE_ds

(27)32E; (2m)2E;  (2m)* 3 ; (23.25)
and the integration region {E; > m;, E; > m;,|cosf| < 1} transforms into
5 2 (mi +mj)’, (23.26)
By > /s, (23.27)
b E*M <2y (23.28)

Notice now that the product of the equilibrium distribution functions depends only on E, and
not £_ due to the Maxwell-Boltzmann approximation, and that the invariant rate W;; depends
only on s due to the neglect of final state statistical factors. Hence we can immediately integrate

over F_|
2
/dE, = dpij | 2. (23.29)
S

The volume element is now

&’p;i  d’p; 1 piy [EL—s
= — dELd 23.30
(2m)32E; (2m)%2E;  (2m)* 2 s s (23.30)
We now perform the E integration. We obtain
T > NG
3271'4 ; (mi+m;)? T

where K is the modified Bessel function of the second kind of order 1.
We can take the sum inside the integral and define an effective annihilation rate Weg through

Zgigjpijwij = gipeiWest (23.32)

ij
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1
Peft = P11 = 5[5 — 4ms3. (23.33)

with

In other words

Pij 9ig; [s = (mi —m;)?|[s — (mi +m;)?] gig;
West = = Wi = Wi;. 23.34)
‘ XJ: puogi Y z} s(s — 4m3) g v (
Because W;;(s) = 0 for s < (m; +m;)?, the radicand is never negative.
In terms of cross sections, this is equivalent to the definition
P2 gigi
Tot = Y -5l 0ij. (23.35)

2 2
5 P 91

Eq. (23.37)) then reads

2 o)
911 \/g
= AdspegWeg K1 | — 23.
32774/4m§ et 1<T> (23.30)

This can be written in a form more suitable for numerical integration by using p.gs instead of s as
integration variable. From Eq. (23:33), we have ds = 8pegdpes, and

2 (o]
N g 2 /5
A= —47T4 o dpeﬂpeﬂ‘Weﬂ‘Kl (—T ) (23.37)
with
s = 4p2g +4m? (23.38)

So we have succeeded in rewriting A as a 1-dimensional integral.
From Egs. 2337) and (23.13]), the thermal average of the effective cross section results

fOOO dpeﬁ'pgffWeHKl (%)

2
miT [, 220K (5]

i g1 m3

(Oefiv) = (23.39)

This expression is very similar to the case without coannihilations, the differences being the de-
nominator and the replacement of the annihilation rate with the effective annihilation rate. In
the absence of coannihilations, this expression correctly reduces to the formula in Gondolo and
Gelmini [68].

The definition of an effective annihilation rate independent of temperature is a remarkable
calculational advantage. As in the case without coannihilations, the effective annihilation rate can
in fact be tabulated in advance, before taking the thermal average and solving the Boltzmann
equation.

In the effective annihilation rate, coannihilations appear as thresholds at /s equal to the sum of
the masses of the coannihilating particles. We show an example in Fig. 23.1] where it is clearly seen
that the coannihilation thresholds appear in the effective invariant rate just as final state thresholds
do. For the same example, Fig. shows the differential annihilation rate per unit volume
dA/dpes, the integrand in Eq. (2337), as a function of peg. We have chosen a temperature T =
m, /20, a typical freeze-out temperature. The Boltzmann suppression contained in the exponential
decay of Kj at high peg is clearly visible. At higher temperatures the peak shifts to the right
and at lower temperatures to the left. For the particular model shown in Figs. 23.TH23.2 the relic
density results Q,h? = 0.030 when coannihilations are included and Q,h? = 0.18 when they are
not. Coannihilations have lowered 2, h? by a factor of 6.
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Figure 23.1: The effective invariant annihiliation rate Weg as a function of peg for an example
model. The final state threshold for annihilation into W+W = and the coannihilation thresholds,
as given by Eq. [23.34)), are indicated. The x3x3 coannihilation threshold is too small to be seen.
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Figure 23.2: Total differential annihilation rate per unit volume dA/dp.s for the same model as
in Fig. 23] evaluated at a temperature T' = m,, /20, typical of freeze-out. Notice the Boltzmann
suppression at high peg-.
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23.1.4 Internal degrees of freedom

If we look at Eqs. (23.34) and ([23.39) we see that we have a freedom on how to treat particles
degenerate in mass, e.g. a chargino can be treated either

a) as two separate species X;r and x; , each with internal degrees of freedom g,+ = g,- = 2, or,
b) as a single species xl:.t with gyt = 4 internal degrees of freedom.

Of course the two views are equivalent, we just have to be careful including the g;’s consistently
whichever view we take. In a), we have the advantage that all the T;; that enter into Eq. [23.34)
enter as they are, i.e. without any correction factors for the degrees of freedom. On the other hand
we get many terms in the sum that are identical and we need some book-keeping machinery to
avoid calculating identical terms more than once. On the other hand, with option b), the sum over
W;; in Eq. (2334) is much simpler only containing terms that are not identical (except for the
trivial identity W;; = Wj; which is easily taken care of). However, the individual W;; will be some
linear combinations of the more basic W;; entering in option a), where the coefficients have to be
calculated for each specific type of initial condition.

Below we will perform this calculation to show how the W;; look like in option b) for different
initial states. We will use a prime on the W;; when they refer to these combined states to indicate
the difference.

Neutralino-chargino annihilation

The starting point is Eq. [23.34) which we will use to define the W;; in option b) such that Weg
is the same as in option a). Eq. (23.39) is then guaranteed to be the same in both cases since the
sum in the denominator is linear in g;.

Now consider annihilation between x? and xF or x;. The corresponding terms in Eq. ([23.34)
does for option a) read

_ Pij 9ij vx, _ Pic 2-2
Wer = 272 V=, e Wt T W T Wang + W
ij

w w _
x(i’xcJr xVxg

— Pic _ 4 Pic
B 2]711 [Wxng + Wx‘i’xc} - 4p11 Wx?xi (23.40)
quxi
For option b), we instead get
W= S P IGsy  _ Pie2 4l = qlieyy (23.41)
‘ o P11 g2 YT 22 | axe xe x? pin XX :
Voot

Comparing Eq. 2341)) and Eq. (2340) we see that they are indentical if we make the identification

Wi + =W + (23.42)

X7 Xe c

Chargino-chargino annihilation

First consider the case where we include the terms in the sum for which we have annihilation
between X or x; and x or x, with ¢ # d.
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In option a), the corresponding terms in Eq. (2334]) reads

Weg = p’bjg’bg]
P11 9
_ pcd2 2
- P11 22 [WX§XI+W+ +WXZXI+WX§><;
+ijxi+W+ +WX X3+W c:|
—— W—/ H/—’ H/—/
W 4+ 4 w _ 4 |4/ w _ _
Xe Xg Xe Xg Xe Xg Xe Xg

= QPCd[WX+X++W+ —I—Wf ++W :|
bn c
H/—’

Xe Xg
Witrxy  Wxixd
—  yPed
= 4p11 |:WX§Xd+ + WXde:| (23.43)

In option b), the corresponding terms would instead read

4-4
eff — Z pz] gzgj zj pcd — |:W/i L+ Wli i:| _ SpCdWIi N (2344)
P11 g p11 2 Xe Xg Xg Xe P11 Xe Xa
Wkt

Comparing Eq. 2343) and Eq. (2344) we see that they are identical if we make the following
identifcation

!/ —
WXciXi: = |:WX:XI + ijxd:| (23.45)
For clarity, let’s also consider the case where ¢ = d. In option a), the terms in Weg are
2-2
Weg = Py glg] Wi = Pec - {WX+ ++ W Ty + W T + W
pi1 9% P11 2 e Xe,
WX?XZ WX?X?
pcc
_ w+++w+] 23.46
2 { ~ (23.40)
In option b), the corresponding term would instead read
pl] glg] pCC ! pcc !
= g —W =4—W 23.47
Wer = Z pu g7 Wi pi 22 XX 2 P XEXe ( )

Comparing Eq. (23.46) and Eq. (23.47) we see that they are identical if we make the following
identifcation

1
W', . = 5 |:WXC+X?F + WXjXZ (2348)
i.e. the same identification as in the case ¢ # d.

Neutralino-sfermion annihilation

For each sfermion we have in total four different states, fl, fg, fl and f2 Of these, the fl
and fg in general have different masses and have to be treated separately. Considering only one
mass eigenstate fk, option a) then means that we treat fk and fk as two separate spemes with
gi = 1 degree of freedom each, whereas option b) means that we treat them as one species f,c with
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gi = 2 degrees of freedom. As before, the prime indicates that we mean both the particle and the
antiparticle state.

Note, that for squarks we also have the number of colours N, = 3 to take into account. In
option a) we should choose to treat even colour state differently, i.e. g; = 1, whereas g; = 6 in
case b). The expressions would be the same as above except that both the expression in a) and b)
would be multiplied by the colour factor N, = 3. The expression relating case a) and case b) is
thus unaffected by this colour factor. Note however, that in option b) we take the average over the
squark colours (or in this case calculate it only for one colour. See sections 23.1.4 and 23.1.4 below
for more details.

For option a), Eq. (23.34)) then reads

ik 21

Wer = Lo 919 yyr; = ik > [onﬂ W + Wi Wiy

pi1 g7 p1u1 g i N BN i

Weop — Weop
= pik W Of + W Of* — plk W of (2349)

P11 X Jk Xi Ty p k
W0 g,
whereas for option b), Eq. (2334]) reads
Dij g’bgj _ Dik 2.2 r ’ pzk ,
Vet = Z pi1 91 Wi = p11 22 [Wx?f,’“ " Wf/k‘x? P WX e (23.50)
07

Comparing Eq. 2350) and Eq. [23.49) we see that they are indentical if we make the identification
! —
WX?f/k = Wx(i)fk (2351)

For clarity, for squarks the corresponding expression would be
13
W = 3 ZW 0 (23.52)

where a is a colour index.

Chargino-sfermion annihilation

In option a) the chargino has g; = 2 and the sfermion has ¢g; = 1 degrees of freedom, whereas in
option b), the chargino has g; = 4 and the sfermion has g; = 2 degrees of freedom
For option a), Eq. (23:34)) then reads

_ DPij 9igj
Werr = Zpu 9 WZ]

pck2 1
= pll 22 |:W+fk+W+f*+W +W

TWiar v Wt t Wi o+ Wee o ]

st W Maon W
= pck{ww + Wigs e+ Wi + W ] pck[muf +W+f] (23.53)
P11 k H/—’ W—’ b1 k

W
+f* ijfk
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In option b), Eq. (2Z334) reads

4.2
Zp” 9y, = Bek Z 2 [W’if/ + W, }—47"’“W’if, (23.54)
P11 93 p11 2 Xe kX C, p1
W/:E'/
xe i

Comparing Eq. 2354) and Eq. (2353) we see that they are indentical if we make the identifi-
cation

1

4 —

Wer =3 {me + erf;] (23.55)
For clarity, for squarks the corresponding expression would be

Wies =330 W W, 23.56

e 2552 xiag T Wxkae (23.56)

Xc 9k
a=1

where a is a colour index.

Sfermion-sfermion annihilation

First consider the case where we have annihilation between sfmerions of different types, i.e. annihi-
lation between fi or f; and f; or f}.
For option a), Eq. (23.34) then reads

Weﬁ’ pl] glg]
p11 91

_ opul-l
= oL [Wfkfz T Whse ¥ Wieh T Wi

tWip T Wi T Wep Wy f*]
M Y~ Y—— ——

Wl Weno Wige Wi

_ Lpw Pkl
= Spn [Wfkfl FWeg W+ Wy f*] = o |Van T Wap | (2357)
\/—/ H/—’
Wair Waa
In option b) we would get
W = Dij g’ng l
P11 9
2-2
= @?{W}, o W } = oPK {W]’;, f,} (23.58)
p11 kJ 1 1)k p11 kJ 1
W
ety

Comparing Eq. (23.58) and Eq. (23.57) we see that they are indentical if we make the identification
!/ ~ o~ ~ o~
Wf, = |:Wfkfl + Wfkfl*:| (23.59)

It is easy to show that this relation holds true even if k = [.
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Squark-squark annihilation

Even though we treated sfermion-sfermion annihilation in the previous subsection, squarks have
colour which can complicate things, so let’s for clarity consider squarks separately.

Let’s denote the squarks ¢j* where a is now a colour index. In option a) we will let each colour
be a seprate species, which means that g; = 1 in this case. In option b) we will instead have g; = 6.

In option a) we would have

Pij 9ig;
W = Wi
‘ ;Pu gi "
J
pal1 o
Kkl 1 z :
= a? [quq? + ngq?* + W@Z* tff’ + qu*ﬁf’*
a,b=1
+ quaqli + qua[jll;* + W[j;l* qlli + qua* q}l;* :|
e e e — N——

W.a b Woax b W o b W oax -bx

) I 9 ] K
Lp ZS p ZS
_ kl - - _ Pkl
frnd 5]; |:W[j):flb + W[j):flb* + qu*lj;} + W[jg*qf)* :| — p—ll |:W[j;€lq'§) + Wq:qf(*%SGO)
ab=1 —— ~—— ab=1
Woa b= Wea b
T Tk
In option b) we would get
Pij 9iGj 1171
W = Pig 935y
¢ Z P11 g% "
ij
6-6
- Bm22 [Wi, LW } — 182K [Wi, , } (23.61)
P11 2 99" 919 P11 9 rd
W"/ v
a'd'y

Comparing Eq. (23.61)) and Eq. (23.60) we see that they are indentical if we make the identification
11 23
/ —

i.e. we get the same relation as for other sfermions, the only difference being that we in option b)
should also take the average over the colour states.

Sfermion-squark annihilation

For clarity, if we have annihilation between a non-coloured sfermion and a squark, we would in the
same way as in the previous subsection get

3
11
! ~ ~
Wi, 55; {”Mﬁ”mﬁ*} (23.63)
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Summary of degrees of freedom

We have found above the following relations between option b) and option a),

W;c?xj-t = va?xj+ *WX(;X; , Vi=1,...,4, j=1,2
W;fcxji = 3 [foxf W j} =3 [Wx;x; +Wx{x} , Vi=1,2,j=1,2
Wiep, = Wy » ¥i=l.o.d k=12
Wéfffk = %[ijfk +Wng;} . Ye=1,2, k=1,2 (23.64)
W= B Whp Wi o vE=121=12
L = M Wag W] o vE=121=1.2

We don’t list all the possible cases with squarks explicitly, the principle being that we in option
b) should take the average over the squark colour states (see the squark-squark entry in the list
above).

We will choose option b) and the code (dsandwdcoscn, dsandwdcoscn, dsasdwdcossfsf and dsasd-
wdcossfchi) should thus return W’ as defined above. Note again that squarks are assumed to have
g; = 6 degrees of freedom in this convention and the summing over colours should also be taken
into account in the code.

23.1.5 Reformulation of the Boltzmann equation

We now follow Gondolo and Gelmini [68] to put Eq. (23.12]) in a more convenient form by considering
the ratio of the number density to the entropy density,
n

_n (23.65)

S

Consider

dY d /n n n .
T (G) = (23.66)

where dot means time derivative. In absence of entropy production, S = R3s is constant (R is the
scale factor). Differentiating with respect to time we see that

R
§=-3=s=—3Hs (23.67)
R
which yields
v="131" (23.68)
s s
Hence we can rewrite Eq. (23.12) as
Y = —s(oeqv) (Y2 —Y2). (23.69)

The right-hand side depends only on temperature, and it is therefore convenient to use temper-
ature T instead of time ¢ as independent variable. Defining = m4 /T we have

dy mi1 1 ds
=~z ag gr cer) (V=Y. (23.70)

where we have used
1 _1ds_ 1 ds (23.71)
T $dT  3HsdT '
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which follows from Eq. (23:67). With the Friedmann equation in a radiation dominated universe

_ 8nGp
=
where G is the gravitational constant, and the usual parameterization of the energy and entropy
densities in terms of the effective degrees of freedom geg and heg,

H? (23.72)

24 2?4
p=ge(T) 55T, s = hea(T) =17, (23.73)

we can cast Eq. (2370) into the form [68]

dy T g *my o

where Y4 can be written as

n 4522 mi\ > m;
Yog=—"H=—"5"__ i — ] K L, 23.75
4 s Athes (T) ;g <m1> ? (zml) ( )

using Eqs. (2315), (2365) and @373).

The parameter gi/ % is defined as

1/2 heg T dhes
g \ Geff ( * 3heff dr ( )

For ges, heg and gi/ ? DarkSUSY has the option of either using the results of Gondolo and
Gelmini [68] with a QCD phase-transition temperature Tocp = 150 MeV or the later results of
Hindmarsh and Philipsen [201]. The default in DarkSUSY is to use the results for equation of state
B in Hindmarsh and Philipsen. The user can change this default choice with a call to dsrdset (see
header of that file for explanation of how to call it). Using the Hindmarsh and Philipsen equation of
state B (default) gives about 1.5-3.5% higher relic densities than the Gondolo and Gelmini degrees
of freedom.

To obtain the relic density we integrate Eq. 2379) from x = 0 to xy = m, /Tp where T} is the
photon temperature of the Universe today. The relic density today in units of the critical density
is then given by

QX = pg/pcrit = mXSOYO/pcrit (2377)

where peis = 3H?/87G is the critical density, so is the entropy density today and Yy is the result
of the integration of Eq. 23.79). With a background radiation temperature of Ty = 2.726 K we
finally obtain

m
Q,h* = 2.755 x 10° Ge’\‘/YO. (23.78)

23.2 Relic density — numerical integration of the density
equation

Let us write the evolution equation for the density,

dy [ gi/2m1
% = — R ;CQ <O'eff’U> (Y2 - }/(331) (2379)

dy
de

as
AY? =), (23.80)
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where A contains the annihilation rate and q represents the thermal-equilibrium density.

This equation is stiff and an explicit method, like Euler or Runge-Kutta, fails to converge. To
obtain a numerical solution, we use an adaptive implicit trapezoidal method which we explain in the
following. Basically we discretize the equation first with a trapezoidal then with an Euler method,
and adapt the step size according to the difference in the updated function values.

For simplicity we denote the right hand wide of eq. (23.80) as f(x). We further write f; = f(x;)
and similarly for the other functions A(z) and ¢(z). Given Y; = Y (x;) we find Y;y; = Y (x;41) with
Zi+1 = x; + h as follows.

First we discretize the evolution equation as

Vi1 — Y = h% (23.81)
We insert
fi = NP -4b), (23.82)
firi = A (Y — ) (23.83)
and solve the resulting quadratic equation for Y;1; to obtain
c
Vi = — o 23.84
1 14+ V14 uc ( )
where
¢ = 2Yitul(ed, +pdd) —pY?], (23.85)
= hXii1, (23.86)
= A/ i1 (23.87)

In the expression for ¢ we have explicitly indicated the order of evaluation which we found avoids
round-off errors. If in eq. 23:84) 1 4 uc is negative, we simply reduce the step h to h/2 and try
again.

Secondly we discretize the evolution equation as

Yig1 - Y =hfiza. (23.88)

We insert the expression for f;+1 and solve the quadratic equation for Y;4; to obtain

= ¢ (23.89)

T2 1+ VIt ud '
where

d =4(Y;+ug,). (23.90)
Again if in eq. @3.89) 1 + uc’ < 0, we reduce the step h to h/2 and try again.

We then adapt the step size according to the relative difference of Y;1; and Y, ,,
Yy - Y/
d= ‘u . (23.91)
Yirt

If the difference is larger than a prefixed €, set at 0.01, we reduce the step size h to hs/\/e but never
to less than h/10. s is a safety factor set to 0.9. If d < €, we increase the step size by a factor
s/+/€ but never by more than a factor of 5. We do not allow the step size to become smaller than
hmin = 1079, Error code 5 is reported if this happens. Error code 4 occurs when z;; is numerically
equal to x; because of round-off. Error code 6 occurs when the number of steps exceeds a maximum
of 100000. Finally the initial step size is taken to be 0.01.
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23.3 Relic density — routines
In src/rd, the general relic density routines are found. These routines can be used for any dark

matter candidate and the interface to neutralino dark matter is in src/rn. We will first discuss how
the routines for neutralino relic density are used and then how the general routines work.

23.3.1 Neutralino relic density

function dsrdomega(coann,fast,xf,ierr,iwar,nfc) r8
Purpose: Calculate the relic density of the lightest neutralino, possibly including coanni-
hilations between different neutralinos, neutralinos and charginos and between
charginos.
Input:
coann i =1: include coannihilations between neutralino—neutralino, neutralino—chargino

and chargino—chargino.
=2: do not include coannihilations.

fast i =1: Do a faster calculation, with slightly less accuracy in the numerical integra-
tions and only including coannihilations (if coann=1) with other particles up to
1.3 times heavier than the lightest neutralino.
=2: Do a more accurate calculation, with higher accuracy in the numerical in-
tegrations and including coannihilations (if coann=1) with other particles up to
2.1 times heavier than the lightest neutralino.

Output:

xf r8 x is defined as x = m, /T and xf is the « at which freeze-out occurs (defined as
the temperature at which the number density is a factor of two higher than the
equilibrium density).

ierr i =0: Calculation went OK.
# 0: Somethig went wrong.

iwar i =0: Calculation went OK.
# 0: A slight inaccuracy may have occured at a resonance or threshold for
numerical reasons. Usually, this doesn’t affect the result, but one should keep
it in mind in case the returned relic density seems strange.

nfc i The number of points (in peg) at which the cross section was evaluated.

subroutine dsrdwrate(unitl,unit2,ich)

Purpose: Writes a table of the partial annihilation rates Wg(p, cos6) into each final chan-
nel F' as a function of the center-of-mass momentum p and at cosf = 0.1 to
unit2.

Inputs:

unitl i What is this?
unit2 i Unit number to write output to.
ich i~ What initial state channel to use:

=1: neutralino—neutralino annihilation
=2: neutralino—chargino coannihilation
=3: chargino—chargino coannihilations.
Comment: Only annihilation between the lightest neutralinos and charginos are included.

23.3.2 General relic density routines

The routine that performs the actual relic density calculation is

subroutines dsrdens(wx,ncoann,mcoann,dof,nrs,rm,rw,nt,tm,oh2 tf,ierr,iwar)
Purpose: Calculate the relic density of a dark matter candidte.
Input:
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WX r8
ncoann i
mcoann r8
dof r8
nrs i
rm r8
rw r8
nt i
tm r8
Output:
oh2 r8
tf r8
ierr i
iwar i
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User-defined function that returns the effective invariant annihilation rate, Weg,
as a function of the effective momentum peg. The function has to be declared
external in the calling routine.

Number of particles that coannihilate.

An array with the masses (in GeV) that can coannihilate.

Number of internal degrees of freedom for the coannihilating particles.
Number of resonances.

An array with the masses of the resonances (in GeV).

An array with the widths of the resonances (in GeV).

Number of thresholds.

An array with the /s (in GeV) at which the thresholds occur.

The relic density, Qh? where h is the Hubble constant in units of 100 km s~!
Mpct.

The temperature (in GeV) at which the freeze-out occured. Freeze-out is defined
to occur when the number density is 2 times the equlibrium density.

=0: Calculation went OK.

# 0: Somethig went wrong.

=0: Calculation went OK.

# 0: A slight inaccuracy may have occured at a resonance or threshold for
numerical reasons. Usually, this doesn’t affect the result, but one should keep
it in mind in case the returned relic density seems strange.

It is up to the user to prepare the input function and arrays accordingly before calling the routine.
All internal settings of the relic density routines are set in common blocks in dsrdcom.h. The
most important parameters that can be changed by the user are

Important parameters in dsrdcom.h

Purpose:

Parameters
tharsi i
rdluerr i
rdtag c*12
cosmin r3
waccd 8
dpminr r8
dpthr 8
wdiffr  r8
wdifft  r8
hstep r8

Provide a set of parameters, with which the internal behaviour of the relic
density routines can be changed.

Size of the coannihilation, resonance and threshold arrays (default=50). In-
crease this size if you have more than 50 coannihilating particles, more than 50
resonances or more than 50 thresholds.

Logical unit number where error messages are printed.

Idtag that is printed in case of errors.

When the relic density has been calculated, the integer variable copart in dsandwcom.h is set to
indicate which coannihilating particles that have been included in the calculation. In Table R3]
the meaning if this variable is shown.

23.3.3 Brief description of the internal routines

Below, the remaining routines related to the relic density calculation are briefly mentioned. For
more details, we refer to the routines themselves.

Routine

Purpose

dsrdaddpt

To add one point in the Weg-peg table.
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copart PAW variables
Bit set Octal value Decimal value copl bit cop2 bit Particle
0 1 1 0 -
1 2 2 1 - X
2 4 4 2 - X
3 10 8 3 -
4 20 16 4 - X
5 40 32 5 - X%
6 100 64 6 — &
7 200 128 7 -
8 400 256 8 - A
9 1000 512 9 - &
10 2000 1024 10 — fio
11 4000 2048 11 - B
12 10000 4096 12 — D
13 20000 8192 13 -
14 40000 16 384 14 -
15 100000 32768 — 0
16 200000 65536 - 1 &
17 400000 131072 —~ 2t
18 1000000 262144 - 3
19 2000000 524 288 - 4 &
20 4000000 1048576 —~ 5 iy
21 10000000 2097152 — 6 dy
22 20000000 4197304 — 7 5
23 40000000 8388608 —~ 8 by
24 100000000 16 777216 — 9 dy
25 200000000 33554432 — 10 3
26 400000000 67 108 864 - 11 by

Table 23.1: The bits of copart are set to indicate which initial states that are included in the
coannihilation calculation. In the output file *.omegaco, the value of copart is written in octal
format. In PAW copl and cop2 are available. Check if a bit is set with btest(copl,bit).

dsrdcom

dsrddof150

dsrddpmin

dsrdeqn

dsrdfunc
dsrdfuncs
dsrdiny
dsrdnormlz
dsrdqad

To initialize parameters in the common blocks in dsrdcom.h. If you want to
change these parameters yourself, include dsrdcom.h in your code and change
the parameters you want.

To prepare a table of the degrees of freedom as a function of the temperature
in the early Universe.

To return the allowed minimal distance in peg between two points in the Weg-
Pet plane. The returned value depends on if there is a resonance present or not
at the given peg.

To solve the relic density equation by means of an implicit trapezoidal method
with adaptive stepsize and termination.

To return the invariant annihilation rate times the thermal distribution.
To provide dsrdfunc in a form suitable for numerical integration.

To return In(Weg for a given peg.

To return a unit vector in a given direction.

To calculate the relic density with a quick-and-dirty method. It uses the ap-
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dsrdqrkck
dsrdrhs
dsrdset

dsrdspline
dsrdstart

dsrdtab
dsrdthav

dsrdthclose
dsrdthlim
dsrdthtest
dsrdwdwdcos
dsrdwfunc
dsrdwintp

dsrdwintpch
dsrdwintrp

dsrdwres

CHAPTER 23. RD: RELIC DENSITY ROUTINES (GENERAL)

proximative expressions in Kolb & Turner with the cross section expaned in
.

To numerically integrate a function with a Runge-Kutta method
To calculate terms on the right-hand side in the Boltzmann equation.

To set the control parameters for the relic density calculation. Currently, only
the choice of effective degrees of freedom is implemented through dsrdset; the
other parameters are passed as arguments to dsrdomega.

To set up the table Weg-peg for spline interpolation.

To sort and store information about coannihilations, resonances and thresholds
in common blocks.

To set up the table Weg-pes.

To calculate the thermally averaged annihilation cross section at a given tem-
perature.

To determine the end-points for the thermal average integration.

To check if a given entry in the Weg-peg table is at a threshold.

To write out a table of dWeg/d cosf as a function of cosf for a given peg.
To write out dsrdfunc for a given x = m, /T

To return the invariant rate Weg for any given peg by performing a spline
interpolation in the Weg-peg table.

To check the spline interpolation in the Weg-peg table and compare with a linear
interpolation.

To write out a table of the invariant rate Weg and some internal integration
variables and expressions.

To write out the table Weg-Desr-

Below are brief descriptions of routines in src/rn not mentioned above

Routine Purpose
dsrdres To prepare the array of resonances needed before the call to dsrdens.
dsrdthr To prepare the array of thresholds needed before the call to dsrdens.



Chapter 24

src/rge:
mSUGRA interface (Isasugra) to
DarkSUSY

24.1 mSUGRA (ISASUGRA) interface to DarkSUSY

If Isasugra is available, DarkSUSY can use Isasugra to generate mSUGRA models. In src/rge/,
routines are avaible to transfer the mSUGRA parameters from DarkSUSY to Isasugra, call Isasugra
and then transfer back the results to DarkSUSY. The philosophy of this interface is that whenever
a user uses Isasugra, we should use all the results of Isasugra also in DarkSUSY. That means that
instead of calculating the mass spectrum from the low-energy parameters obtained from lsasugra,
we extract the masses and mixings from Isasugra.
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Chapter 25

src/rn:
Relic density of neutralinos
(wrapper for rd routines)

25.1 Relic density of neutralinos

The relic density routines in src/rd solve the Boltzmann equation for any cold dark matter particle
and it is up to us to tell it what kind of particles that can participate in coannihilations and what
the effective annihilation rate is. This set-up for neutralino dark matter is done in dsrdomega.
This routine is therefor the main routine the user should call, when the relic density of neutralinos
is wanted.

What it does internally is the following:

e It determines which particles that can coannihilate (based on their mass differences) and puts
these particles into a common block for the annihlation rate routines (dsanwx) and an array
for the relic density routines. The relic density routines need to know their masses and internal
degrees of freedom.

e It checks where we have resonances and thresholds and adds these to an array, which is
passed to the relic density routines. The relic density routines then use this knowledge to
make sure the tabulation of the cross section and the integrations are performed correctly at
these difficult points.

e It then calls the relic density routines to calculate the relic density.

The returned value is Q,h?.
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Chapter 26

src/slha:
SUSY Les Houches Accord

interface

26.1 SUSY Les Houches Accord

DarkSUSY includes routines to read and write SUSY Les Houches Accord [202] 203] files (SLHA
files). This is done with the help of SLHALIB by T. Hahn [204].

DarkSUSY will write SLHA2 files and expect to get SLHA2 as well. The implementation right
now takes a middle path between dumping everything or just a minimal set of inputs to the SLHA2
file. This choice was made to make most other SLHA2-aware programs able to exchange SLHA2
files with DarkSUSY.

However, we have not made a careful testing with lots of other codes, so if you try this out,
please let us know if there are some things that don’t work or could work better.
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Chapter 27

src/su:
General SUSY model setup:
masses, vertices etc

27.1 Supersymmetric model

We will here review the definition of the MSSM as given in [I].

27.1.1 Parameters

In our notation, the superpotential and the soft supersymmetry-breaking scalar potential minimal
supersymmetric standard model (MSSM) with R-parity conservation [4] read respectively

W= ey (—eihply ] — dphpal B + Gxhod) B — ), (27.1)
Viott = €ij (—é}}AEhEiiLHf — diAphpd, H] + thAphydl H) — BuHiH)
+h.c.)

FH{ Y+ HY i H o
+arM{a), + 1M1, + 0 Mg g + dpMy,dg + 3M7Ex. (27.2)

Here ¢ and j are SU(2) indices (€12 = +1), h’s, A’s and M’s are 3 x 3 matrices in generation space,
and the other boldface letters are vectors in generation space.

The current version of DarkSUSY uses only a restricted set of parameters. Namely the number
of free parameters (a grand total of 124 [9]) is reduced by setting the off-diagonal elements of the
A’s and M’s to zero and imposing CP conservation (except in the CKM matrix).

27.1.2 Mass spectrum

For easy reference, we now give the particle mass matrices, together with our convention for the
mixing matrices.

Concerning the Higgs sector, we choose as independent parameters tan § and the mass my4 of
the CP-odd Higgs boson. The code provides six options for the calculation of the Higgs masses:
higloop=0: tree level formulas; higloop=1: the effective potential approach in [10, [II] (correcting
the sign of p in eq. (4) of [I1]); higloop=2: the effective potential approach in [I2] with addition
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Higgs boson

Channel HY HY HY H™

i= j=1 j=2 j=3 j=4

1 cC cC cc ud

2 bb bb bb us

3 tt tt tt ub

4 Tt Tt Tt cd

5 WHw- WHWw— - cs

6 Z070 AVA - ch

7 - HYHY - td

8 HYHY - - ts

9 H{HY H{HY — tb

10 HTH- HTH- - veeT
11 - - ZHY V"
12 - - ZHY vt
13 ZHY ZHY - w+H?
14 WrH-/W-HY WYH-/W-H* W*TH-/W-H* W+*HY
15 php” php Pt W H
16 Ss S5 S8 -

17 99 99 99 -

18 7Y 7Y 7Y -

oo 2% 2% 2% .

20 I ff I ff

Table 27.1: Higgs partial widths hdwidth(i,j). Index i refers to the decay channel and index j to the
Higgs boson. All widths are given in GeV. Note that typically we have that mg, < mp, < mg+ <
my, so many of these decay channels are not kinematically allowed, but included for completeness.
If the HDECAY interface is used, the channels where mpg, < mp, < my+ < mp, is not satisfied
are not included. Channels 1619 are only included if HDECAY is used.

of D-terms and correction of some signs and numerical factors; higloop=3: the analytical approx-
imations to the RGE-improved effective potential in [I3]; higloop=4: the pole mass calculation in
[14]; higloop=>5: FeynHiggs (requires FeynHiggs to be installed) [163]; higloop=6: FeynHiggsFast
(default) [164].

The masses of the Higgs bosons are obtained from

— sin 3 cos ﬁ(mQZ + mi) + Aoy mQZ sin? 8+ mi cos? B+ Agy

mie =m?4 +mi + Al (27.4)

M2 — ( m% cos? B +m? sin®? B+ Ay —sin B cos 3(m% +m?4)+A12) (27.3)

The quantities A;; and Ay are the one-loop radiative corrections, calculated acording to the value
of higloop as described above. Diagonalization of M% gives the two CP-even Higgs boson masses,

mmy, ,, and their mixing angle o (—7/2 < a < 0). For higloop=4, the pole masses are then obtained

solving m?}’ide =mj, + Hii(mi}’f’le) — I1L; (0), where II;;(p?) is H;H; the self-energy. In this case,

mp, is the pole mass and m 4 is the running mass.

The Higgs widths are calculated at tree level, but with QCD corrections [165]. The decays to
supersymmetric particles are also included in the total width, so the sum of the partial widths in
Table does not necessarily sum up to the total width given in width(k). The loop corrections
are also available via an interface to HDECAY.

The neutralinos X! are linear combinations of the neutral gauginos B, W3 and of the neutral
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higgsinos HY, HY. In this basis, we write their mass matrix as

M, 0 —Mmzswecg +mzswsg
i _ 0 M, +mzcweg —mzewsg
0 , (27.5)
12,34 —mzSweg  +mzewes 033 —H
+mzswsg —mzcwsg — i Oa4

with ¢y = cosbOw, sw = sinfw, cg = cosf, and sz = sin3. Here d33 and d44 are radiative
corrections important when two higgsinos are close in mass. Their explicit expressions are from
ref. [15]. To neglect these radiative corrections set neuloop=0 instead of neuloop=1 (default). The
neutralino mass eigenstates are written as

{0 = NuB + NogW? + NigH? + Ny HY. (27.6)

The phases of N;; are chosen so that the neutralino masses mgo > 0.

The charginos are linear combinations of the charged gauge bosons W+ and of the charged
higgsinos H; , H; . Their mass matrix,

My = (ﬁm]\v?cosﬁ \/ﬁmvl‘: Smﬁ) ’ (27.7)
is diagonalized by the following linear combinations
X; = UaW™ +UgHy, (27.8)
Xio= VaW't 4+ VpHf (27.9)
We choose det(U) = 1 and U*MiiVT = diag(mili,m)zzi) with non-negative chargino masses

Myt > 0.

‘When discussing the squark mass matrix including mixing, it is convenient to choose a basis
where the squarks are rotated in the same way as the corresponding quarks in the standard model.
We follow the conventions of the particle data group [32] and put the mixing in the left-handed
d-quark fields, so that the definition of the Cabibbo-Kobayashi-Maskawa matrix is K = VlVg,
where V7 (V3) rotates the interaction left-handed u-quark (d-quark) fields to mass eigenstates. For
sleptons we choose an analogous basis, but due to the masslessness of neutrinos no analog of the
CKM matrix appears.

We then obtain the general 6 x 6 @- and d-squark mass matrices:

2 T u T T x
M2 = Mg + m)m, + D} ;1 n;u(AU w* cot B) ’ (27.10)
(Ay —pcotB)m,  M{ +m,m] + D%,1
g2 1 d T AT ok
M2 = (K MoK +mgm); + D7; 1 mj(A}, — p* tan 3) > (27.11)
d (Ap — ptan B)my M% + ml}md + D%Rl ’ '
and the general sneutrino and charged slepton mass matrices
M2 =M3 + DY, 1 (27.12)
M2 = M7 +m.m} + D¢, 1 mZ(ATE — p*tan ) (27.13)
¢ (Ap —ptanB)m, M3 +mim, + D§p1 ) ’
Here
DY =m% cos28(Tsf — efsin®6,,), (27.14)
D}f%R = m% cos2fey sin” f,,. (27.15)

In the chosen basis, m,, = diag(my, me, my), mq = diag(ma, ms, mp) and m, = diag(me, my, m,).
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Table 27.2: Particle codes (synonyms are separated by commas).

Ve  knueknu(1) v kgamma | XY kn(i)i=1...4 | 41 ksu(l)ksqu(1)
e kekl(1) W+ kw X keha(k) k=1,2 | G2 ksu(2)ksqu(4)
v, knumuknu(2) | Z°  kz g kgluin dy  ksd(1),ksqd(1)
wo kmukl(2) g kgluon Ve  ksnueksnu(1) dy  ksd(2),ksqd(4)
vy knutauknu(3) €1 kse(1),ksl(1) ¢ ksc(1),ksqu(2)
7 ktau,kl(3) €2 kse(2),ksl(4) éa  ksc(2),ksqu(5)
u  kukqu(l) H°  khl v, ksnumu,ksnu(2) | 51 kss(1),ksqd(2)
d  kdkqd(1) R kh2 f1 - ksmu(1),ksl(2) So kss(2),ksqd(5)
¢ keckqu(2) AY  kh3 fiz  ksmu(2),ksl(5) | by  ksb(1)ksqd(3)
s kskqd(2) H*  khc 7y ksnutaksnu(3) | by  ksb(2),ksqd(6)
b kb,kqd(3) G kgold0 71 kstau(1),ksl(3) | #1  kst(1),ksqu(3)
t  ktkqu(3) G*  kgoldc To  kstau(2),ksl(6) ty  kst(2)ksqu(6)

The slepton and squark mass eigenstates fk (0p with & = 1,2,3 and &g, 4 and Jk with £ =
1,...,6) diagonalize the previous mass matrices and are related to the current sfermion eigenstates

fr and fg via (e =1,2,3)

6

fra = > AT, (27.16)
k=1

~ 6 ~

fra = > fHTHE. (27.17)
k=1

The squark and charged slepton mixing matrices I'iyr, g, I'pr,r and I'gr, g have dimension 6 x 3,
while the sneutrino mixing matrix Iz, has dimension 3 x 3.

This version of DarkSUSY allows only for diagonal matrices Ay, Ap, Ag, Mg, My, Mp, Mg,
and M. This ansatz, while not being the most general one, implies the absence of tree-level flavor
changing neutral currents in all sectors of the model. In this case, the squark mass matrices can
be diagonalized analytically. For example, for the top squark one has, in terms of the top squark
mixing angle 6y,

I =Tpp =cos;,  TIp) =-Tpp =sinb;. (27.18)

Special values of the sfermion masses can be set with the parameters msquarks, and msleptons.
If msquarks=msleptons=0, the sfermion masses are obtained with the diagonalization described
above. If msquarks>0 (or msleptons>0), all squark masses are set to msquarks (or all slepton
masses to msleptons). Finally, if msquarks<0 (or msleptons<0), the squark (or slepton) masses are
set equal to the neutralino mass but never less than |msquarks| (or |msleptons|). This is to provide
the lightest possible sfermions compatible with a neutralino LSP. In all of these cases, there is no
mixing between sfermions.

The particle masses are available in an array mass(p), where p is the particle code from table
Similarly, particle decay width are available as width(p), but currently only the width of the
Higgs bosons are calculated, the other particles having fictitious widths of 1 or 5 GeV (for the sole
purpose of regularizing annihilation amplitudes close to poles).

27.1.3 Three-particle vertices

We define three-particle vertices gl(4,5,k)= gzL]k and gr(i,j,k)= gﬁk as follows. We adopt the con-
vention that the order of the particles in the indices is the order in which they appear in the
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corresponding lagrangian term, so the last particle is always entering. If there are charged particles
in the vertex, they are both assumed positively charged, and the particle that exits the vertex is
indexed before the particle that enters.

e Three scalar bosons:
Ling = g¢¢¢j¢ka¢i¢j¢k (27'19)

where ¢; is a Higgs or a Goldstone boson. In this case, gl=gr=g. Available vertices are ¢;¢; i
= HZ.OH]QH,?, HYH-H*, HYA°A°, HYG°G®, H?G-G*, H’GH™, H’G-G*, A°"G~H™,
A°GOHY, and permutations.

e Two scalar and one vector bosons:
Ling = vV 0110 poh2. (27.20)

Available vertices are V1o = ZOH? A, Z°H-H*, yH-H*, W-H+tA°, W-HTH?, and
permutations.

e One scalar and two vector bosons:
Lint = govivamw g dVI*Vy (27.21)
Available vertices are ¢pVi Ve = HYW W+, H?Z°Z0.
e Three vector bosons:
igvivavs [(F1 — k3)ugux + (k3 — k2)ugaw + (k2 — k1) 9] (27.22)

with all momenta incoming and assigned as V' (k;), Vi (k2) and V3(k3). Available vertices
are ZOW-W+ and YW-WT.

e One scalar boson and two Dirac fermions:
Lint = ¢, (9¢L5¢1¢2PL + gd}ipleR)i/fz (27.23)
Available vertices are ¢11s =
e One vector boson and two Dirac fermions:
Lint = Vilhr Y (98 g0 PL + 9810 PR) W2 (27.24)
Available vertices are Vipy1)y =
e One scalar boson, one Dirac and one Majorana fermion:
Lint = 00(95y, PL + gipy Pr)X (27.25)
Available vertices are ¢y =
e One vector boson, one Dirac and one Majorana fermion:
Lint = Vitby" (9t gn Pr + 9t PR)X (27.26)
Available vertices are Vipy =
e One scalar boson and two Majorana fermions:
Ling = (27.27)

Available vertices are. . .
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e One vector boson and two Majorana fermions:

Lin, = (27.28)

Explicit expressions for the coupling constants g;;x can be obtained in [4], with radiative cor-
rections to trilinear scalar couplings in [33]. We have rederived from the superpotential all vertices
we have implemented.

Implemented vertices: those listed above plus ZOW*WT, ZOHOH? W+HTAY W*HTH?,
H)W=WF, H)Z°7°, 7°A°H, HY A°A°, A°F f, HYf f, Z°f f, ZOX°X°, HYXOX?, Z°X°X°, WFXOx™,
HFXORE, Ggq, FXOf, HOXEXT, AORERT  WEFf HEFf AWEWT, yHEHT, ZO%EXT, yx54 7,
vff, GHH, GGH, GFX'%*.

In appendix 7?7, most of the Feynman rules and the explicit expressions for the g’s are found.

27.1.4 Accelerator bounds

Accelerator bounds can be checked by a call to dsacbnd(p), where p=0 checks all implemented
bounds, p=1 leaves out the bound from b — sv, and p=2 checks only b — sv. The accelerator
bounds implemented in version 3.10.2 (July 1999) are listed in table The branching ratio
BR(b — s7v) is calculated to 1-loop using the expressions in ref. [I6], including or not including
1-loop QCD corrections according to the switch bsgqed (=0 without, =1 with [default]).

Table 27.3: Accelerator bounds implemented in version 3.10.2 (July 1999). COMMENT #4:
NOTE: These are not up to date with the latest version of DarkSUSY.

Bound Ref.

mp< > 59.5GeV

myp, > [82.5 + 10.5sin*(3 — a)]GeV 18
m+>91GeV1fm o—m+>4GeV 19
m+>64GeV1fmo>43GeVandm+>mo 20
Mgt > 47GeV if my 0> 41GeV 21
mX1+ > 99GeV 22
mgo > 23GeV if tan 8 > 3 23
mgo > 20GeV if tan 8 > 2 23
mgo > 12.8GeV if my < 200GeV 24
mgo > 10.9GeV 25

20

[

[

l

[

[

[

[

[

l

l

m;cg > 44GeV [
mgo > 102GeV 2

mgo > 127GeV [

[

[

[

[

[

[

[

[

[

[

[

mg > 212GeV if mg, < Mg 27
mg > 162GeV 28
mg, > 90GeV if mz < 410GeV 29
mg, > 176GeV if mz < 300GeV 27
mg, > 224GeV if mg > Mg 30
me > 78GeV if mgo < 73GeV 31
mp > 71GeV if mgo < 66GeV 31
mz > 65GeV if mgo < 55GeV 31
my > 44.4GeV 32
1x1071 < BR(b — s7) <4 x 1071 32
v < 502.4MeV 32
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27.2 General supersymmetry — routines

Input parameters, options, results, etc. are contained in common blocks in the file dssusy.h, which
the user has to include. The input parameters are (a = 1,2, 3)

ma= my, tanbe= tan g, mu= y, ml= M,

m2= Mo, m3= M3, asofte(a)= Agaa, asoftu(a)= Ayaa,

asoftd(a)= Apaa,  mass2q(a)= Mp,,, mass21l(a)=Mz,,, mass2u(a)= Mp,,,
mass2d(a)= M?%,,, mass2e(a)= Mz, .
The options are (see previous subsections for a description)
higloop choice of tree-level or radiatively corrected Higgs boson masses;
neuloop choice of tree-level or radiatively corrected neutralino masses;
msquarks,msleptons choice of squark and slepton masses.

To initialize DarkSUSY for a new model, you should call

subroutine dssusy(unphys,hwarning)

Purpose: To calculate the particle spectrum, widths and couplings.
Output:

unphys i non-zero if the model is unphysical

hwarning i non-zero if the Higgs code has issued a warning.

which calculates couplings, masses and some basic cross sections.

The following subroutines specify the values of the model parameters, and read/write them to
a file. The user should create his own versions by editing a copy of them. Please call them with a
different name.

subroutine dsgive_model(mu,m2,ma,tanbe,msq,atm,abm)
Purpose: Set the MSSM parameters as specified by the arguments.
Inputs:
mu r8 The p parameter in GeV.
m2 r8 The My parameter in GeV.
ma r8 The mass of the CP-odd Higgs boson, m4 in GeV.
tanbe r8 tang.
msq r8  Sets M%, etc. to a common mass scale mg in GeV.
atm  r8 Sets A; in units of my (range: -3 — 3).
abm 8 Sets Ap in units of mg (range: -3 — 3).

subroutine dsrndm_model(mftyp)
Purpose: Sets the susy parameters in a random way. Parameter ranges and probability
distributions are set inside.

Inputs:
mftyp i =1: M; is related to M5 through GUT relations.
=2: M; and M, are generated independently.
function rnduni(iseed,a,b) r8
Purpose: To give a random number uniformly distributed between a and b.
Inputs:
iseed i Seed for the random number generator. Must be a negative number at the first
call and should not be changed from call to call.
a r8  Lower limit of returned number.
b r8  Upper limit of returned number.
function rndlog(iseed,a,b) r8
Purpose: To give a random number logarithmically distributed between a and b.
Inputs:
iseed i Seed for the random number generator. Must be a negative number at the first

call and should not be changed from call to call.
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a r8  Lower limit of returned number.
b r8  Upper limit of returned number.
function rndsgn(iseed) r8
Purpose: Returns £1 with equal probability.
Inputs:
iseed i Seed for the random number generator. Must be a negative number at the first

call and should not be changed from call to call.

subroutine write_model(lunit,mftyp)

Purpose: Writes out the model parameters to the file opened as unit lunit (formatted).
Inputs:

lunit i Unit number to write output to.

mftyp i =1: Only M, is written since M; is related to My through GUT relations.

=2: Both M; and My are written.

subroutine read_model(lunit,nmodel, mftyp)

Purpose: Reads in the model parameters from the file opened as unit unit (formatted).
Inputs:
lunit i Unit number to read from.
nmodel i =0: The next model is read.
=n: Only the n:th model is read.
mftyp i =1: Only M, is read since M; is related to My through GUT relations.

=2: Both M; and M5 are read.
The following subroutines are useful in the analysis.

subroutine widtag(unit)

Purpose: Write the model identification tag to unit unit.
Inputs:
unit i Unit number to write to.

subroutine wspctm(unit)

Purpose: Write the particle mass spectrum and mixing matrices to unit unit.
Inputs:
unit i Unit number to write to.

subroutine wvertx(unit)

Purpose: Write all non-vanishing three-particle vertices to unit unit.
Inputs:
unit i Unit number to write to.

subroutine wunph(unit)
Purpose: Write the reason for which the model is not physically acceptable (tachyons,
etc.) to unit unit.

Inputs:
unit i Unit number to write to.

subroutine wexcl(unit)

Purpose: Write the reason(s) for which the model is experimentally excluded to unit unit.
Inputs:
unit i Unit number to write to.

subroutine dswhwar(unit)
Purpose: Write the reason(s) for which the Higgs calculation issued warnings to unit unit.
Inputs:
unit i Unit number to write to.
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