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Neutralino relic density including coannihilations
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We evaluate the relic density of the lightest neutralino, the lightest supersymmetric particle, in the minimal
supersymmetric extension of the standard model. For the first time, we include all coannihilation processes
between neutralinos and charginos for any neutralino mass and composition. We use the most sophisticated
routines for integrating the cross sections and the Boltzmann equation. We properlstifgtireshold and
resonant annihilations. We also include one-loop corrections to neutralino masses. We find that coannihilation
processes are important not only for light Higgsino-like neutralinos, as pointed out before, but also for heavy
Higgsinos and for mixed and gauginolike neutralinos. Indeed, coannihilations should be included whenever
|u|=2|M4|, independently of the neutralino composition. WHesi~|M,|, coannihilations can increase or
decrease the relic density in and out of the cosmologically interesting region. We find that there is still a
window of light Higgsino-like neutralinos that are viable dark matter candidates and that coannihilations shift
the cosmological upper bound on the neutralino mass from 3 to 7 [IR0656-282(97)06816-]

PACS numbeps): 95.35:+d, 14.80.Ly

[. INTRODUCTION considered coannihilations between the lightest neutralino
and the lightest chargino, but only for neutralinos lighter
In the near future, it may become possible to constrairthan thew boson and only with an approximate relic density
supersymmetry from high precision measurements of th€alculation. Moreover, they did not consider Higgs bosons in
cosmological parametef$,2], among which is the dark mat- the final states.
ter density. It is, therefore, of great importance to calculate Drees and Nojir[8] included coannihilations in their relic
the relic density of the lightest neutralino as accurately aslensity calculation, but only between the lightest and next-
possible. to-lightest neutralinos. These coannihilations are not as im-
The lightest neutralino is one of the most promising canortant as those studied by Mizuta and Yamaguchi. Re-
didates for the dark matter in the Universe. It is believed tocently, Dreeset al. [9] reinvestigated the relic density of
be the lightest stable supersymmetric particle in the minimalight Higgsino-like neutralinos. They included coannihila-
supersymmetric extension of the standard moMSSM). It tions between the lightest and next-to-lightest neutralinos as
is a linear combination of the superpartners of the neutraivell as those between the lightest neutralino and the lightest
gauge and Higgs bosons. chargino. They do, however, only considéf, ff’, and
The relic density of neutralinos in the MSSM has beenyW™ final states througlZ and W exchange respectively,
calculated by several authors during the ye@s9] with and do not considet- and u-channel annihilation or Higgs
various degrees of precision. A complete and precise calcubosons in the final states.
lation including relativistic Boltzmann averaging, subthresh- In this paper we perform a full calculation of the neu-
old and resonant annihilations, and coannihilation processesalino relic density for any neutralino mass and composition,
is the purpose of this paper. including all coannihilations between neutralinos and chargi-
As pointed out by Griest and SecKd], one has to in- nos. We properly compute the thermal average, particularly
clude coannihilations between the lightest neutralino andn presence of thresholds and resonances in the annihilation
other supersymmetric particles heavier than the neutralino ifross sections. We include all two-body final states of
they are close in mass. They considered coannihilations beweutralino-neutralino, neutralino-chargino, and chargino-
tween the lightest neutralino and the squarks, which occuchargino annihilations. We leave coannihilations with
only accidentally when the squarks are only slightly heaviersquarks[5] for future work, since they only occur acciden-
than the lightest neutralino. In contrast, Mizuta and Yamagusally when the squarks happen to be close in mass to the
chi [7] pointed out an unavoidable mass degeneracy thdightest neutralino as opposed to the unavoidable mass de-
greatly affects the neutralino relic density: the degeneracgeneracy of the lightest two neutralinos and the lightest
between the lightest and next-to-lightest neutralinos and thehargino for Higgsino-like neutralinos.
lightest chargino when the neutralino is Higgsino-like. They In Sec. Il, we define the MSSM model we use and in Sec.
Il we describe how we generalize the Gondolo and Gelmini
[10] formulas to solve the Boltzmann equation and perform
*Electronic address: edsjo@teorfys.uu.se the thermal averages when coannihilations are included. This
Electronic address: gondolo@mppmu.mpg.de is done in a very convenient way by introducing an effective
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invariant annihilation rat&V,;. In Sec. IV we describe how the particle content and gauge couplings required by super-
we calculate all annihilation cross sections, and in Sec. V wéymmetry, the superpotentiéhe notation used is similar to
outline the numerical methods we use. We then discuss ouhat in Ref.[11])

survey of supersymmetric models in Sec. VI, together with

the experimental constraints we apply. We finally present our

results on the neutralino relic density in Sec. VIl and give

some concluding remarks in Sec. VIII. W= Eij(—éEYEijl—aEYDamjﬁGEYUEILH]z—MF'il':'jz)
Il. DEFINITION OF THE SUPERSYMMETRIC MODEL

We work in the framework of the minimal supersymmet- dth ft trv-breaki tential
ric extension of the standard model defined by, in addition tfhd the SOt supersymmetry-breaking potentia

Vsoit= €ij (€AY ET HI+dRALY paLH] — UAALY yaL H — BuH HL +H.c) + H* miH) + HE maH, + gp* MéﬁL

+THM2T + UM U+ dEM A dg+ €M Zeg+ M BB+ 2M,(W3WE + 2W W) + 1M30g. 2

Here,i andj are SU2) indices (,=+1). The Yukawa wherea,,, is the fine-structure constant and is the strong
couplingsY, the soft trilinear coupling#, and the soft sfer- coupling constant.
mion masse$! are 3x 3 matrices in generation space.l, Electroweak symmetry breaking is caused by téirand

2 .. .
G, d, andq are the superfields of the leptons and sleptons anlji2 Cquiring vacuum expectation values
of the quarks and squarks. A tilde indicates their respective
scalar components. THe and R subscripts on the sfermion (HD=vy, (H3)=v,, (5
fields refer to the chirality of their fermionic superpartners.

B, W3, andW* are the fermionic superpartners of the(@U  With g*(vi+v3)=2m{,, with the further assumption that

gauge fields ang is the gluino field « is the Higgsino mass vacuum expectation values of all other scalar figidspar-

. ticular, squarks and sleptonwanish. This avoids color
pa_rameterl\/l_l_, M2 andM3 are the Zgaugmo_mass parameters,andlor charge-breaking vacua. It is convenient to use expres-
B is a soft bilinear coupling, anahy , are Higgs boson mass

parameters. sions for theZ boson massméz%(ngrg’z)(varv%) and
For M, andM, we make the usual grand unified theory (N€ atio of vacuum expectation values faav, /v;. g and
(GUT) assumptions g’ are the _usual SL;I) and U1) gauge _coupllng constants.
When diagonalizing the mass matrix for the scalar Higgs
fields, in addition to a charged and a neutral would-be Gold-
M, =SM,tarff,~0.5M,, (3)  stone bosons which become the longitudinal polarizations of
the W* and Z gauge bosons, one finds a neut@P-odd
Higgs bosonA, two neutralCP-even Higgs bosonsi, ,,

o and a charged Higgs boséf-. Choosing as an independent
ew

M,=—————M3=0.3M3, (4)  parameter the massi, of the CP-odd Higgs boson, the
Sin? Byas masses of the other Higgs bosons are given by
, [ MAcoSB+mIsi?B+AME,  —sinBcogB(mi+m3)+AMS,
Mg= . : : 6
H | —sinBcoB(m3+m2)+AM3,  m3isir?B+micosB+AM3, ©
|
M. =ma+mg+A. . (7)  are[13]). Diagonalization of M? gives the twoCP-even

N ) . Higgs boson massesmy , and their mixing angle
Thg q.uantltlesAJ.\/lij andA_i are the_ leading log two-loop (- m/2< a<0).
radiative corrections coming from virtugb)top and(s)bot- Th tralinoss? i binati f th
tom loops, calculated within the effective potential approach € neutralinosy; are linear cclm Jna lons of the super-
given in [12] (other references on radiative correctionspartners of the neutral gauge bos@3/V; and of the neutral
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HiggsinosH?, HY. In this basis, their mass matrix is given by ~ The charginos are linear combinations of the charged
gauge boson¥V= and of the charged Higgsinds; , H .

! ! Their mass terms are given b
M, 0 ~9un N g g y
V2 2 o W+
(W™ HOMz=«| _ . |+ Hec. (13
0 M, + v _ 92 *\ Ay
2 2
~ = Their mass matrix
X1234 g'vy . gu, S5 ,
- - 33 M M guv
22 Mie=| 2 77 (14)
X guy
+ v2 — % — )
2 2 " 4 is diagonalized by the linear combinations
® Xi =UnW +UH; (15
where 633 and 8,4 are the most important one-loop correc- ~ ., ey ~
tions. These can change the neutralino masses by a few GeV Xi =ViW7+VioH, . (16)

up or down and are only important when there is a sever _ RN T N
mass degeneracy of the lightest neutralinos and/or char(‘:jino?é\./e choose det{)=1 and U* M-V =diag(m f’mX§)
The expressions fofs; and 8,4 are[9,14] with non-negative chargino massm;irzo. We do not in-
clude any one-loop corrections to the chargino masses since
they are negligible compared to the correctighg and 544
introduced above for the neutralino masggk
When discussing the squark mass matrix including mix-
—Bo(Q,b,b,)], (99  ing, itis convenient to choose a basis where the squarks are
rotated in the same way as the corresponding quarks in the
3 standard model. We follow the conventions of the Particle
S4= — ——Y2msin(267)RE Bo(Q,t,T1) — By(Q,t, T )1, Data Group[16] and put the mixing in the left-handed
1672 d-quark fields, so that the definition of the Cabibbo-
(100 Kobayashi-Maskaw&CKM) matrix isK =V,V}, whereV,
(V,) rotates the interaction left-handedquark d-quark
. fields to mass eigenstates. For sleptons we choose an analo-
Yp=gm,/y2mycos8 and Y,=gm/y2mysing are the gous basis, but due to the masslessness of neutrinos no ana-

YL_Jk_awa couplings of thd andt quark, ¢ and 6% are the logue of the Cabibbo-Kobayashi-Maskawa CKM matrix ap-
mixing angles of the squark mass e'genStateﬁ)ears.

(91=q,cod;+qrsind;), and By, is the two-point function
for which we use the convention in Ref8,14]. Expressions
for By can be found in, e.g., Refl15]. For the momentum
scaleQ we use|u| as suggested in Ref9]. Note that the
loop corrections depend on the mixing angles of the squarks 2_

S33= — —— Y2m,sin(205)Re Bo(Q,b,by)

6’772

where m, and m; are the masses of the andt quarks,

We then obtain the generab® u- and d-squark mass
matrices

2 t

which in turn depend on the soft supersymmetry-breaking u (Ay—pcoB)m,  Mg+mymy+Dggl
parameter#\, andAp in Eq. (2) (or the parameters,, and (17)
A; given below.

The neutralino mass matrix, EB), can be diagonalized ; ( KTMéK+mdm$+ DY 1 mi(AL—pu*tand) )
Ma_ ’

M3+mim,+D} 1 mi(Al,—u*cotB) )

analytically to give four neutral Majorana states: 2 T d
(Ap— utanB)my M3+ mgmyg+Dggl
x0=N;1B+ N;j W3+ N;sH )+ N;,H, (11 (18)

the lightest of which, to be calleg, is then the candidate for and the general sneutrino and charged slepton masses
the particle making up the dark matter in the Universe. The

gaugino fractionzg of neutralinoi is then defined as M%= Mf+ D/ 1, (19
Zy=[Nig]? +[Nigl. (12 , [MEFmemetDEL  me(AL— p tang)
M~: _ 2 T e .
We will call the neutralino Higgsino-like iZ,<0.01, mixed e | (Ag—putanf)me Mg+ meme+Dgpl

if 0.01<Z,=<0.99, and gauginolike ifZ,>0.99, where (20)
zgsz; is the gaugino fraction of the lightest neutralino.

Note that the boundaries for what we call gauginolike andHere,

Higgsino-like are somewhat arbitrary and may differ from ; ) )

those of other authors. D =mZc0s28(T3;—esinoy), (21)
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DfRR: m%cos%efsinzaw, (22)  This allows the squark mass matrices to be diagonalized ana-
lytically. For example, for the top squark one has, in terms of
whereT 3 is the third component of the weak isospin amd  the top squark mixing anglés :
is the charge in units of the absolute value of the electron
ch_arge e. In the chose_n basis, we haven, = it :thtzcos%_’ rtet_ _p
diag(m,,m;,m), myg = diag(my,ms,my), and m, = uL UR uL

diag(mg,m,,m,). ) .
glme m,, . m;) Notice that the ansat25)—(28) implies the absence of

The slepton and squark mass eigenstattes(v, with : ,
-~ — . i ) the tree-level flavor changing neutral currents in all sectors
k=1,2,3 andey, Uy, andd, with k=1,...,6)diagonalize 4 the model.

the previous mass matrices and are related to the current
sfermion eigenstate§, , and T, (a=1,2,3) via

Tt .
UR =Sind7. (29

Ill. THE BOLTZMANN EQUATION
6 AND THERMAL AVERAGING

r T T*ka

fLa= kgl Flel™ 23 Griest and Secke]5] have worked out the Boltzmann

equation when coannihilations are included. We start by re-

_ 6 viewing their expressions and then continue by rewriting

fra= Z ka";éa. (29 them into a more convenient form that resembles the familiar
k=1 case without coannihilations. This allows us to use similar

expressions for calculating thermal averages and solving the

Boltzmann equation whether coannihilations are included or

not.

The squark and charged slepton mixing matridgg g,
I'p. r, andI'g g have dimension & 3, while the sneutrino
mixing matrixI',;, has dimension X 3.

For simplicity, we make a simple ansatz for the up-to-now

arbitrary soft supersymmetry-breaking parameters: A. Review of the Boltzmann equation with coannihilations
Ay= diag0,0A)), (25) Consider annihilation ofN supersymmetric particleg;
(i=1,... N) with massesn; and internal degrees of free-
Ap= diag 0,0A,), (26) dom (statistical weights g;. Also, assume that
m<m,=<---<my_;=Mmy and thatR parity is conserved.
Ag=0, (27) Note that for the mass of the lightest neutralino we will use
the notationm, andm; interchangeably.
Mo=My=Mp=Mg=M =mgl. (28 The evolution of the number density of particlei is

dni N
rri —3Hni—jzl <0'ijvij>(ninj_nieonjeq)_j2i [{oxijvip) (Ninx—nFNgd) — (oggivi ) (njnx—nihid]

—; [Ty (=N —Tji(n;—n9]. -

The first term on the right-hand side is the dilution due to the
expansion of the Universeéi is the Hubble parameter. The L' ZEX: F'(xi—x;X). (33
second term describeg x; annihilations, whose total anni-

hilation cross section is In the previous expressionX, andY are (sets of standard

model particles involved in the interactions; is the “rela-
H | H 1 f
aij :; a(xixj—X)- (31) tive velocity” defined by

\/(pi'pj)z_mizmjz

EE, !

vij= (34)

The third term describeg;— x; conversions by scattering
off the cosmic thermal background,
with p; andE; being the four-momentum and energy of par-
ticle i, and finallyn’%is the equilibrium number density of

U%ijzg o(xiX—=x;Y) B2 particley; ,
being the inclusive scattering cross section. The last term n?q:if d3pif;, (35)
accounts fory; decays, with inclusive decay rates (2m)3
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wherep; is the three-momentum of particle and f; is its

equilibrium distribution function. In the Maxwell-Boltzmann % (oijoini ;e A
approximation, it is given by (oefv) = > =—. (43
Neq Neq
fi=e &/T, (36)

For the denominator we obtain, using Boltzmann statistics
The thermal averag@rijv;;) is defined with equilibrium dis-  for f;,
tributions and is given by

gi _
eq_ eq_ 3 A E /T
n EI n EI (277)3J d°pie
. (37) |
jdspidspjfifj :LE gimiZKZ(%)r (44)

272

Jdgpidspjfifj()'ijvij

<Uijvij>:

Normally, the decay rate of supersymmetric partiofes  whereK, is the modified Bessel function of the second kind
other than the lightest which is stable, is much faster than thgf order 2.
age of the Universe. Since we have assurRegirity con- The numerator is the total annihilation rate per unit vol-
servation, all of these particles decay into the lightest one. Sgme at temperatur®:
its final abundance is simply described by the sum of the
density of all supersymmetric particles: 9i0;
A=2 (ayonfhit=2 I—JGJ d*pidp;fifjorjuy; -
N i i (2)
n=> n;. (39) (45
i=1

It is convenient to cast it in a covariant form:
For n we get the evolution equation
N A=D | W,
ij

dn eq.e
a:_3Hn_i’jE:1 <0’ijvij>(ninj_ni0njq)| (39)

. 0ifidp; gjfjdspj
! (2m)32E; (2m)%2E;

(46)

W;; is the (unpolarized annihilation rate per unit volume

where the last two sums in E¢B0) cancel in the sum. corresponding to the covariant normalization & 2olliding
The scattering rate of supersymmetric particles off par{articles per unit volumeW;; is a dimensionless Lorentz

ticles in the thermal background is much faster than theiinvariant, related to théunpolarized cross section through

annihilation rate, because the scattering cross sectigf)s ———

are of the same order of magnitude as the annihilation cross Wij = 4Pij Vsoyy =40y \(pi-p)°—mim; =4EE ;v -

sectionso; but the background particle density, is much 4

larger than each of the supersymmetric particle densities Here

when the former are relativistic and the latter are nonrelativ- '

istic, and so suppressed by a Boltzmann factor. In this case, [s—(m+m )21 s— (m —m;)2]Y2
L. L L7 Sl . B i j i j
the x; distributions remain in thermal equilibrium, and, in pij= (48
particular, their ratios are equal to the equilibrium values: 2\s
n ned is the momentum of particlg; (or x;) in the center-of-mass
LU (40) frame of the pairy;y; .
n n® Averaging over initial and summing over final internal
states, the contribution t/;; of a generah-body final state
We then get is
O 3Hn— (o) (n2 1y, (41 Wi P > IMI2m)*
dt ) gingf internal DF
where d3py
x & pi+pj_2 pf)H ——.— (49
eq -eq f f (2m)°2E;
_ NN
<oeﬁv)—i2j <U‘Jv”>ﬁﬁ' (42 where$S; is a symmetry factor accounting for identical final

state particlegif there areK sets ofN, identical particles,
) k=1,...K, thenSf=HL<:1Nk!). In particular, the contribu-
B. Thermal averaging tion of a two-body final state can be written as
Now we have reviewed, let us continue by reformulating
the thermal averages into more convenient expressions.

We rewrite Eq.(42) as The quantityw;; in Ref.[4] is W;;/4.
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3 3 7 _
Wlt\]NgklbOdy_ Pi f|./\/l(lj—>k|)|2dQ d°p; d°p; 1oy E% dE+ds
167 g.g,sk|J§|nterna|DF (2m)%2E; (2m)2E; (2m)* 2

(50) (61)
where p,, is the final center-of-mass momentu®, is a We now perform theE, integration. We obtain
symmetry factor equal to 2 for identical final particles and to
1 otherwise, and the integration is over the outgoing direc- T J‘” d WK ( Js 62
tions of one of the final particles. As usual, an average over 32445 (my+m;)2 SA9;Pi WijKa| =/ (62)

initial internal degrees of freedoDF) is performed. :

We now reduce the integral in the covariant expressionwhereK is the modified Bessel function of the second kind
for A, Eq. (46), from 6 dimensions to 1. Using Boltzmann of order 1.
statistics forf; (a good approximation fof<m), We can take the sum inside the integral and define an
effective annihilation rat&Vg through
d3p, dspj
(27)32E; (277)32Ei(,51) ; 99 PijWij = 93 PetWerr (63

Wie" EilTg§/T
- fggj

wherep; andp; are the three-momenta aigl andE; are the with

energies of the colliding particles. Following the procedure 1

:SRef. [10], we then rewrite the momentum volume element D= P11= = m (64)
d3pid3pj=477|pi|EidEi 47T|p]|EJdE] %dcosﬂ, (52) In other words,
where 6 is the angle betweep; andp;. Then, we change -3 Pij %W~
integration variables fronE;, E;, ¢ to E,, E_, ands, e 4 by g
given by
s—(m—m)?][s—(m;+m
— - S \/[ (my—my s~ (m+m)*l6g; -
s(s— 4m1) 91
E_—E—E;, (54 (65
s=m?+m+2EE; — 2| p;]| pj|cosd, (55) BecatL_JseNij(s)=0 for s<(m;+m;)?, the radicand is never
negative.
whence the volume element becomes In terms of cross sections, this is equivalent to the defini-
tion
d3p; d3p; 1 dE,dE_ds
(2m)%2E, (2m)2E, (2m) &8 P P 9ig;
[ J Teff— ; p 2 — Ojj - (66)
and the integration regiofE;=m; ,E;=m; ,|cosf|<1} trans- -
forms into Equation(62) then reads
s=(m;+m;)?, (57) 2T rw p
. dspeffW fle( Vs (67)
E =15, (58) 32
» 2 5 This can be written in a form more suitable for numerical
E —E my—m <2p.. Ei—s (59) integration by using.s instead ofs as integration variable.
-t =<Pij s From Eq.(64), we haveds=8pdpes, and
Notice now that the product of the equilibrium distribu- 91 \/§
tion functions depends only 0B, and notE_ due to the A= p dpeffpeffWeﬁKl T (68)
’7T

Maxwell-Boltzmann approximation, and that the invariant
rate W;; depends only ors due to the neglect of final state
statistical factors. Hence, we can immediately integrate over

E_: s=4p2+4m?. (69)

2 . . . .
El—s So we have succeeded in rewritidgas a one-dimensional

f dE_=4p; s (60) integral.
From Eqgs.(68), (43), and(44), the thermal average of the
The volume element is now effective cross section is
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FIG. 1. The effective invariant annihiliation ra¥ as a func- FIG. 2. Total differential annihilation rate per unit volume

tion of peys for model 1 in Table IIl. The final state threshold for qa/dp, for the same model as in Fig. 1, evaluated at a temperature

annihilation intoW™ W~ and the coannihilation thresholds, as given T— m, /20, typical of freeze-out. Notice the Boltzmann suppression
by Eq.(65), are indicated. Thg5x5 coannihilation threshold is too  at highp,.

small to be seen.
simply, as a single specigg™ with g,==4 internal degrees
|

jwdpeﬁpgﬁweﬁM(\/——S of freedom. The effective annihilation rates involving chargi-
0 T nos read
<0-8f'fv>: 2 2" (70)
4 g m, m W o = =W Vi=1,....4,j=12
mlT z__ZKZ ? X?X'i— XiOX'*»_ Xio)(_ia 1= AR RS | 1J_ 149
i 91m i j j
! (71)
This expression is very similar to the case without coannihi-
lations, the differences being the denominator and the re- W= 1:1[\,\/ CWr ]
placement of the annihilation rate with the effective annihi- XiXp 25X Xi X
lation rate. In the absence of coannihilations, this expression 1
correctly reduces to the formula in Gondolo and Gelmini =Z[W,- W, 4]
Xi X; X x;
[10]. 2 j i
The definition of an effective annihilation rate indepen-
dent of temperature is a remarkable calculational advantage. Y oi,j=1,2. (72

As in the case without coannihilations, the effective annihi-
lation 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 We now follow Gondolo and Gelmirnil0] to put Eq.(41)
as thresholds at/s equal to the sum of the masses of thein a more convenient form by considering the ratio of the
coannihilating particles. We show an example in Fig. 1number density to the entropy density:
where it is clearly seen that the coannihilation thresholds
appear in the effective invariant rate just as final state thresh- y= n (73)
olds do. For the same example, Fig. 2 shows the differential s’
annihilation rate per unit volumeA/dpes, the integrand in
Eq. (68), as a function op;. We have chosen a temperature Consider
T=m,/20, a typical freeze-out temperature. The Boltzmann
suppression contained in the exponential decalg,0at high dy d (n) n n

C. Reformulation of the Boltzmann equation

Pet IS clearly visible. At higher temperatures the peak shifts T =S, (79
to the right and at lower temperatures to the left. For the S
particular model shown in Figs. 1 and 2, the relic density ) o
results() h?=0.030 when coannihilations are included andWhere overdot means time derivative. In absence of entropy
,h?=0.18 when they are not. Coannihilations have low-Production,S=R"s is constant R is the scale factor Dif-
eredQXhz by a factor of 6. ferentiating with respect to time we see that

We end this section with a comment on the internal de-
grees of freedong; . A neutralino is a Majorana fermion and .
has two internal degrees of freed@p=2. A chargino can §=—3gs=—3Hs, (75

be treated either as two separate spegiésand x; , each
with internal degrees of freedom,+=g,-=2, or, more which yields

N

S
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h n where ps=3H?%/87G is the critical densitys, is the en-
Y=—=+3H-. (76)  tropy density today, an¥ is the result of the integration of
S S Eq. (82). With a background radiation temperature of

Hence, we can rewrite Eg41) as To=2.726 K we finally obtain

: m
Y=—s(oeq)(Y2=Y5y. (77) 0,h?=2.755¢10° =Y.

(86)

The right-hand side depends only on temperature, and it
is, therefore, convenient to use temperafliiastead of time IV. ANNIHILATION CROSS SECTIONS

t as independent variable. Defining=m, /T, we have
We have calculated all two-body final state cross sections

dy om 1 ds at the tree level for neutralino-neutralino, neutralino-
ax~ 23 dT(Ueﬁv)(Y Y2y, (78 chargino, and chargino-chargino annihilation. A complete
list is given in Table I.
Since we have so many different diagrams contributing,
we have to use some method where the diagrams can be
calculated efficiently. To achieve this, we classify diagrams
1 1ds 1 ds ; -
B i) (79 according to their topologys( t, or u channel and to the
T sdT  3HsdT spin of the particles involved. We then compute the helicity
amplitudes for each type of diagrams analytically with
which follows from Eq.(75). With the Friedmann equation repuce[17] using general expressions for the vertex cou-
in a radiation-dominated universe plings. Further details will be found in Reff18].
The strength of the helicity amplitude method is that the
87Gp (80) analytical calculation of a given type of diagram has to be
3’ performed only once and the sum of the contributing dia-

_ o grams for each set of initial and final states can be done
whereG is the gravitational constant, and the usual paramnumerically afterwards.

etrization of the energy and entropy densities in terms of the
effective degrees of freedomyrs andhgg,

where we have used

H?=

V. NUMERICAL METHODS

w? 2m? In this section we describe the numerical methods we use
p :geﬁ(T)%TA’ S= heﬁ(T)ETs’ (L) {5 evaluate the effective invariant rate and its thermal aver-
age, and to integrate the density evolution equation.
we can cast Eq(78) into the form[10] We obtain the effective invariant rate numerically as fol-
lows. We generateéORTRAN routines for the helicity ampli-
dy g*zm 2_y2 tudes of all types of diagrams automatically WRBDUCE, as
ax~ Vg oz (oe)(Y =Yg, (82 explained in the previous section. We sum the Feynman dia-

grams numerically for each annihilation chanijebkl. We
then sum the squares of the helicity amplitudes so obtained,

whereY ., can be written as o L
ed and sum the contributions of all annihilation channels. Ex-

n 2 m plicitly, we compute
eq I
Yer 5 = a2 g.( ) (XF)’ (83)
4mt heff LA ! dWegt Pij P . 2
Joow ¢ > | 2 Mij—KD)
using Eqs.(44), (73), and(81). Ikl 3277 PefiSyt /s helicties | diagrams
The parameteg}? is defined as (87)

where 6 is the angle between particlds and i. (We set
12_ heff/ T dhe“ =2 as appropriate for a neutralino
g,= 1+ 84 A as approp _ : .
Voo 3her dT We integrate over casnumerically by means of adaptive
Gaussian integration. In rare cases, we find resonances in the
FOr geft, hett, andg:? we use the values in ReLO] with  t or u channels. For the proceis—kI, this can occur when
a QCD phase-transition temperatufgcp=150 MeV. Our  m;<m, andm;>m; or m;<m; andm;>mj: at certain val-
results are insensitive to the valuefcp, because due to a ues of co#, the momentum transfer is timelike and matches
lower limit on the neutralino mass the neutralino freeze-outhe mass of the exchanged particle. We have regulated the
temperature is always much larger thBgcp. divergence by assigning a small width of a few GeV to the
To obtain the relic density we integrate E@®2) from neutralinos and charginos. Our results are not sensitive to the
x=0 to xo=m, /T, whereT, is the photon temperature of choice of this width.
the Universe today. The relic density today in units of the The calculation of the effective invariant rafé.« is the
critical density is then given by most time-consuming part. Fortunately, thanks to the re-
0 markable feature of Eq.70), Wei(pesr) does not depend on
Q,=p/ P cit= MSoYo! pait» (85  the temperaturdl, and it can be tabulated once for each
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TABLE I. All Feynman diagrams for which we calculate the annihilation cross sedien, t(x), and
u(x) denote a tree-level Feynman diagram in which particls exchanged in ths, t, andu channel,
respectively. Indices,j,k run from 1 to 4, and indices,d,e from 1 to 2.u, u, d, d, v, », /, 7, f, and T
is generic notation for up-type quarks, up-type squarks, down-type quarks, down-type squarks, neutrinos,
sneutrinos, leptons, sleptons, fermions, and sfermions. A sum of diagram&)d&emnion generation indices
and over the neutralino and chargino indiéeande is understoodno sum over indices,j,c,d).

Initial state Final state Feynman diagrams
HiHq, HiH, HoHp, HgH3 t(XE)- U(X(k))v S(Hy2)
HiH3, HoHg t(xd), u(xg), s(Ha), s(2°)
H™HY t(xe)» U(xe ), S(H12), S(Z°%
Z°Hy, Z°H, t(xd)» u(xg), S(H3), s(2°)
XX} Z%H, t(xe), u(xy), s(H12)
WH", WH"™ t(Xe)s U(Xe)» S(H1229
z°7° t(x®), u(xd), s(H12)
wow* t(xe ), U(xe), s(Hy2), s(Z°
ff t(TL,R)l U(Af-L,R), S(Hy129, S(Z°%
HHy, HTH, t(xd), U(xe ), s(H*), s(W*)
H*Hs t(x), U(xe), S(W*)
W'Hy, WH, t(xd): U(xe ), s(H), s(W*)
W*Hj t(x@), U(xa), s(H")
Xex; H*Z° t(x), U(xe ), s(H™)
yH* t(xe), S(HY)
w*z° t(xQ), u(xe), sS(W*)
yW* t(xe), S(W¥)
ud t(d_R), u(u R), s(H™), (W)
v/ t(7LR), u(v), s(HT), s(W*)
HiHy, HiHy, HoHp, HaHs t(xe ). U(xe). s(Hy))
H;H3, HoH3 t(xe), U(xs), s(H3), s(Z°
HTH™ t(xQ). s(H1.), s(Z%7)
Z°Hy, Z°H, t(xe): U(xe ), S(Hs), S(Z°
Z%H; t(xe). U(xe), s(H1o)
H"W™, WH"™ t(xe), S(H129
Xe Xa z°7° t(xe ) U(xe), s(Hy2)
wrw- t(xQ): s(H12), s(2°7)
yy (only for c=d) t(xc), ulxe)
2% t(xa). u(xe)
uu t(aL,R)i s(H129, S(2°%7)
vy t(7LR)s S(Z°
dd t(GL,R)‘ S(H12.9, s(Z°7)
Vs t(v), s(H129, s(2%7)
H*H* txD), u(xd)
Xe Xd H*w* tO), u(xp)
wrw* t(xD), u(xd)

model. We have to make sure that the maximpgp in the  from values ofpey beyond~1.5m, are negligible, even in
table is large enough to include all important resonanceshe most extreme case we met in which the effective invari-
thresholds, and coannihilation thresholds. In the thermal avant rate at highpes was 18° times higher than that at
erage, the effective invariant rate is weightedkoyp?; [see  ps=0. For coannihilations, this value pf corresponds to
Eq.(70)]. The fast exponential decay Kf; at highp Bolt-  a mass of the coannihilating particle f1.8m, . To be on
zmann suppresses resonances and thresholds, as we havettad- safe side all over parameter space, we include coannihi-
ready seen in the example in Fig. 2. With a typical freeze-outations whenever the mass of the coannihilating particle is
temperaturel =m, /20, contributions to the thermal average less than 2.m, , even if typically coannihilations are impor-
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TABLE Il. The ranges of parameter values in our scans of supersymmetric models. &wil M, the
scans are uniform in the logarithms of the parameters and for the rest they are uniform in the parameters
themselves. The number of models refers to the number of generated models satisfying experimental con-

straints.

Light High High Light Heavy
Scan Normal Generous Higgs boson mass1l mass2  Higgsinos gauginos
,umi” [GeV] —5000 —10000 —5000 1000 —30000 —100 1000
u"[GeV] 5000 10000 5000 30000 —1000 100 30000
M g"“ [GeV] —5000 —10000 —5000 1000 1000 —1000 1.9u/—1.9u
MI¥ [GeV] 5000 10000 5000 30000 30000 1000 20% 2.1,
tanﬁmin 1.2 1.2 1.2 1.2 1.2 1.2 1.2
tangm& 50 50 50 50 50 2.1 50
mi" [GeV] 0 0 0 0 0 0 0
mx>[GeV] 1000 3000 150 10000 10000 1000 10000
mg"” [GeV] 100 100 100 1000 1000 100 1000
mg™ [GeV] 3000 5000 3000 30000 30000 3000 30000
Amin —3m, —3m, —3m, -3m, —3mg —-3m, —-3m,
AP 3mg 3mg 3mg 3mg 3mq 3mg 3mg
Amin —3m, —3m, —3m, -3m, —3mg —3m, —-3m,
Al 3mg 3mg 3mg 3m, 3mg 3mg 3mg
No. of models 4655 3938 3342 1000 999 177 250

tant only for masses less than hg. For extra safety, we parameters, a “light Higgs boson” scan where we restrict to
tabulateWes from per=0 up topez=20m, , more densely in  low pseudoscalar Higgs boson masses, and two “high mass”
the important lowp ¢« region than elsewhere. We further add scans where we explore heavy neutralinos. In addition, we
several points around resonances and thresholds, both expligerform two other special scans: one to finely sample the
itly and in an adaptive manner. cosmologically interesting light Higgsino region, the other to
To perform the thermal average in E§0), we integrate  study heavy mixed and gauginolike neutralinos for which we
over pe by means of adaptive Gaussian integration, using dound that coannihilations are important.
spline to interpolate in thepis,W o) table. To avoid nu- Remember, though, that the look of our figures might
merical problems in the integration routine or in the splinechange if different scans were used. One should especially
routine, we split the integration interval at each sharp threshpay no attention to the density of points in different regions:
old. We also explicitly check for each MSSM model that theit is just an artifact of our scanning.
spline routine behaves well at thresholds and resonances. We keep only models that satisfy the experimental con-
We finally integrate the density evolution equati82) straints on squark, slepton, gluino, chargino, neutralino, and
numerically fromx=2, where the density still tracks the Higgs boson masses, on t7® width and on theb—sy
equilibrium density, toxo=m, /To. We use an implicit trap- branching ratid 16,20,2]. The last row in Table Il gives the
ezoidal method with adaptive step size. The method is imaumber of models which pass all experimental constraints.
plicit because of the stiffness of the evolution equation. ThéVe include the most recent constraints from the CERN

relic density at present is then evaluated with EBf). e"e™ collider LEP 2[20] of which the most important one is
A more detailed description of the numerical methods will
be found in a future publicatiof19]. m,+>85 GeV. (88)
This bound effectively excludes most of the Higgsinos
VI. SELECTION OF MODELS lighter than theW studied in Refs[7,9]. LEP 2 also puts a

o ) new constraint on the lightest Higgs boson mass,
In Sec. Il we made some simplifying assumptions to re-

duce the number of parameters in the MSSM to the seven myo>62.5 GeV, (89
parameters., M,, tanB8, my, Mg, Ay, andA;. It is, how- 2

ever, a nontrivial task to scan even this reduced parametgfalid for all « and 8. This constraint could be made more
space to a high degree of completeness. With the goal tetringent if allowed to depend on &(B—a), but we do not

explore a significant fraction of parameter space, we perfornhcjude this more refined version because in this study we
many different scans, some general and some specialized, {pe not very sensitive to this constraint.

interesting parts of parameter space. The ranges of parameter
values in our scans are given in Table II.

We perform a “normal” scan where we let the above
seven free parameters vary at random within wide ranges, a We now present the results of our relic density calcula-
“generous” scan with even more generous bounds on théions for all the models in Table II. This is the first detailed

VIl. RESULTS
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evaluation of the neutralino relic density including neutralinomasses(up to 7 Te\j and compositiongup to 10 in

and chargino coannihilations for general neutralino massesliggsino fractionZ,=1—2,). A plot of the cosmologically
and compositions. So we focus on the effect of coannihilainteresting region in the neutralino mass-composition plane
tions. is in Sec. VII E below.

Fundamentally, we are interested in how the inclusion of The effect of neutralino and chargino coannihilations on
coannihilations modifies the cosmologically interesting re-the value of the relic density is summarized in Fig. 4, where
gion and the cosmological bounds on the neutralino massve plot the ratio of the neutralino relic densities with and
We define the cosmologically interesting region aswithout coannihilations versus the neutralino mass and
0.025<Q \h*<1. In this range of2 h? the neutralino can the neutralino compositioZy/(1—Zy). In many models,
constitute most of the dark matter in galaxies and the age afoannihilations reduce the relic density by more than a factor
the Universe is long enough to be compatible with observaef 10, and in some others they increase it by a small factor.
tions. The lower bound of 0.025 is somewhat arbitrary, andCoannihilations increase the relic density if the effective an-
even if) h? would be less than 0.025 the neutralinos wouldnihilation cross section(oeqv)<(o1w11). Recalling that
still be relic particles, but only a minor fraction of the dark (o) is the average of the coannihilation cross sections

matter in the Universe. [see Eq.(43)], this occurs when most of the coannihilation
We start with a short general discussion and then presemtoss sections are smaller théwm,v41,) and the mass differ-
more details in the following subsections. ences are small.
Figure 3 shows the neutralino relic dens'(t';/)(h2 with Table 11l lists some representative models where coanni-

coannihilations included versus the neutralino magsand  hilations are important, on@r two) for each case described
the neutralino compositio,/(1—Z4). The lower edge on in the following subsections, plus one model where coanni-
neutralino masses comes essentially from the LEP 2 bounkilations are negligible. Example 1 contains a light Higgsino-
on the chargino mass, E(88). The few scattered points at like neutralino, examp 2 a heavy Higgsino-like neutralino.
the smallest masses have low garThe bands and holes in Examples 3 and 4 haJg|~|M;|, and example 5 has a very
the point distributions, and the lower edge4g/(1—-Z4),  pure gauginolike neutralino. Example 6 is a model with a

are mere artifacts of our sampling in parameter space. gauginolike neutralino for which coannihilations are not im-
The neutralino is a good dark matter candidate in the reportant.
gion limited by the two horizontal lineghe cosmologically We have looked for a simple general criterion for when

interesting region There are clearly models with cosmologi- coannihilations should be included, one that goes beyond the
cally interesting relic densities for a wide range of neutralinotrivial statement of an almost degeneracy in mass between
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TABLE Ill. Some representative models for which coannihilations are impo(examples 1-Fand one
model (example 6 for which they are not. We give the seven model parameters, the masses of the lightest
neutralinos and of the lightest chargino, the gaugino fraction of the lightest neutralino, and the relic densities
with and without coannihilations.

Light Heavy || ~|M4] |u|=>|M4] Gaugino
Higgsino Higgsino B-ino

Example No. 1 2 3 4 5 6
n [GeV] 77.7 1024.3 358.7 414.7 —-7776.7 -17111
M, [GeV] —441.4 3894.1 —-691.1 —1154.6 1335 396.6
tand 1.31 40.0 2.00 7.30 37.0 22.8
my [GeV] 656.8 737.2 577.7 828.9 2039.5 435.1
mg [GeV] 610.8 1348.3 1080.9 2237.9 4698.0 2771.6
Ap/mg —-1.77 —1.53 -1.03 —-1.26 0.46 1.97
A /mg 2.75 -2.01 —2.77 -0.80 0.11 0.52
m,o [GeV] 76.3 1020.8 340.2 407.8 67.2 1995
Z, 0.00160 0.00155 0.651 0.0262 0.999968 0.99933
M9 [GeV] 96.3 1026.4 364.5 418.2 1335 396.0
My, [GeV] 89.2 1023.7 362.2 414.1 133.5 396.0
QXh2 (no coann). 0.178 0.130 0.158 0.00522 1.830* 0.418
Q)(h2 0.0299 0.0388 0.0528 0.00905 1450 0.418

the lightest neutralino and other supersymmetric particles. The second rule of thumb is that coannihilations are im-
We have only found few rules of thumb, each with importantportant when Z,<0.23 for m <200 GeV and when
exceptions. We give here the best two. Zyl(1-24)<(m, /300 GeVy for m,>200 GeV. There are
The first rule of thumb is that when coannihilations areexceptions to this rule, as can be seen in Fig. 6 where the
important,| u/M4|=<2. But exceptions are found, as can beratio of relic densities with and without coannihilations is
seen in Fig. 5, where we show the reduction in relic densityplotted versus the neutralino mass, the left panel for points
due to the inclusion of coannihilations as a function ofsatisfying the present criterion, the right panel for those not
|u/M4|. Notice that when|u/M4|<1, the neutralino is satisfying it.
Higgsino-like; when|u/M4|>1, the neutralino is gaugino- In the following subsections, we present the cases where
like; and when|u/M4|~1, the neutralino can be Higgsino-
like, gauginolike, or mixed.
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FIG. 6. Ratio of the relic densities with and without coannihila-
FIG. 5. Ratio of the relic densities with and without coannihila- tions versus neutralino mass, . Coannihilations are generally not
tions versus |u/M4|. Coannihilations are important when important whenZ,>f(m,), wheref(m,) is the “second rule of
/M q|=<2. thumb” given in the text.
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we found that coannihilations are important and explain whyHiggsino masses and we confirm qualitatively the Mizuta
We first discuss the already known case of light Higgsino-and Yamaguchi conclusion, coannihilations are very impor-
like neutralinos, continue with heavier Higgsino-like neu-tant for light Higgsinos, but we differ from them quantita-

tralinos, the caséu|~|M,|, and finally very pure gaugino- tively since we find models in which light Higgsinos have a
like neutralinos. We then end this section by a discussion ogosmologically interesting relic density. For the specific light

the cosmologically interesting region. Higgsino models in Dreest al. [9] we agree on the relic
density to within 20—-30 %. We find, however, other light
A. Light Higgsino-like neutralinos Higgsino-like models with highef), h“~0.3, even without

including the loop corrections to the neutralino masses.
& So there is a window of light Higgsino models, ~75
g ) : eV, that are cosmologically interesting. All these models
have_ heen Investigated earlier by other aUtW@]‘ have ta8=<1.6 and those with the highest relic densities
Mizuta and YamagucHi7] stressed the great importance h h del h bound
of including coannihilations for Higgsinos lighter than the ave ta'ﬁfl'z' These models escape the LEP 2 bound on
.the chargino massn, +~85 GeV, because for t@=2 the

boson. For these light Higgsinos, neutralino-neutralino anni- . .
hilation into fermions is strongly suppressed wheread"@SS of the lightest neutralino can be lower than the mass of

chargino-neutralino and chargino-chargino annihilations intgh€ lightest chargino by tens of Gev. By the same token,
fermions are not. Since the masses of the lightest neutraling)an_mm_lat'On processes are not so important and the relic
and the lightest chargino are of the same order, the reli ensity in these model; remains cos_molog|cally interesting.
density is greatly reduced when coannihilations are included"1oSt of these models will be probed in the near future when
Mizuta and Yamaguchi claim that because of this reductior-EP 2 runs at higher energies, but some have too large a
light Higgsinos are cosmologically of no interest. chargino massr, >95 GeV) and too large arH; boson
Drees and Nojir[8] included coannihilations between the Mass (ny9>90 GeV) to be tested at LEP2. Thus75 GeV
lightest and next-to-lightest neutralino, but overlooked thoseHiggsinos with tag=<2 may remain good dark matter can-
between the lightest neutralino and chargino, which are aldidates even after LEP 2.
ways more important. In spite of this, they concluded that the
relic density of a Higgsino-like neutralino will always be o ]
uninterestingly small unless, >500 GeV or so. B. Heavy Higgsino-like neutralinos
Dreeset al. [9] then reinvestigated the relic density of L L . .
light Higgsino-like neutralinos. They found that light Higgsi- Coannihilations for Higgsino-like neutralinos heavier than

nos could have relic densities as high as 0.2, and so be cofle W boson have been mentioned by Drees and NEgilj

mologically interesting, provided one-loop corrections to the?n0 argued that they should not change the relic density by

neutralino masses are included. much, and by McDonald, Olive, and Sredni¢&i, who warn

We agree with these papers qualitatively, but we reacfj1at they might change it by an estimated factor of 2. We
different conclusions. We show our results in Fig. 7, whergYPically find a decrease by factors of 2-5, and in some
we plot the relic density of Higgsino-like neutralinos versusMCdels even by a factor of 18ee the right-hand part of Fig.
their mass with coannihilations included, as well as the ratiof (P

between the relic densities with and without coannihilations. F0r M= My, the lightest and next-to-lightest neutralinos
The Mizuta and Yamaguchi reduction can be seen in Figa”d the lightest chargino are close in mass, and they annihi-

7(b) below 100 GeV, but due to the recent LEP 2 bound orjate into W bosons in addition to fermion pairs. While the
the chargino mass the effect is not as dramatic as it was fgihnihilation and coannihilation cross sections INtOpairs
them. If for the sake of comparison we relax the LEP 2are comparable, the coannihilationgfx3, x7x; andx3x;

bound, the reduction continues down to 20at lower into fermion pairs is stronger than tl)e’ix‘}eff_annihila-

We first discuss light Higgsino-like neutralinos,
m, <myy, Z4<0.01, since coannihilation processes for thes
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tion. This gives the increase in the effective annihilation ratdevels if Z;<<0.96. This reduction does not occur for masses

that we observe. much lower than a TeV, because the terms in the neutralino
As a result, the smallest and highest masses for whiclnass matrix proportional to the/ mass prevent such pure

Higgsino-like neutralinos heavier than tiéboson are good B-ino states and such severe mass degeneracy.

dark matter candidates shift up from 300 to 450 GeV and To conclude, Wheﬂ,lL|"|M1|, coannihilations are very

from 3 to 7 TeV, respectively. _ . important no matter if the neutralino is Higgsino-like, mixed,
Together with the result in the previous subsection, wey; gauginolike. The relic density can be cosmologically in-
conclude that Higgsino-like neutralinoZ{<0.01) can be teresting for these models as long as the gaugino fraction

good dark matter candidates for masses in the ranges 60-85 - 96 these neutralinos are good dark matter candidates.
GeV and 450-7000 GeV.

C. Models with |u|~|M;] D. Gauginolike neutralinos with |u|>|M4]

Coannihilations for mixed or gauginolike neutralinos have . L
. . 4 - . When | u|>|M4|, the lightest neutralino is a very pure
not been included in earlier calculations. It has been believed " " . : .
augino. According to the GUT relation equati¢8), the

that they are not very important in these cases. On the corf i ticl ti th t-to-lightest
trary, when|u|~|M,| and m =m,,, there is a very pro- supersymmetric particles next in mass, the next-to-lightes

nounced mass degeneracy among the three lightest neutrai€utralino, and the lightest chargino, are twice as heavy. So
nos and the lightest chargino. The ensuing coannihilation®/® €xpect that coannihilations between them are of no
can decrease the relic density by up to two orders of magnil_mportancez. In _fact, as d|scussed_|n Sec. V, cognmhllatlons
tude or everincreaseit by up to a factor of 3. This is easily would need to increase the effective cross s_ectlon by several
seen in Fig. 5 as the vertical strip|at/M |~ 1. In Fig. 8 the orders of magnitude for these large mass differences.
relic density including coannihilations and the ratio of the This actually happens in some cases, such as the small
relic density with coannihilations to that without coannihila- spread atu/M;|=130 in Fig. 5. In these models, the light-
tions are shown versus the neutralino mass for models witest neutralino is a very purB-ino (Z,>0.999) and the
0.8<|u/M4|<1.2. squarks are heavy. Its annihilation to fermions is suppressed
We recall that in models withu|~| M, the lightest neu- by the heavy squark mass, and its annihilatiorztand W
tralino can be Higgsino-like, mixed, or gauginolike. If the bosons is either kinematically forbidden or extremely sup-
lightest neutralino is mixedZy~0.5), coannihilations can pressed because a puBeino does not couple t& and W
increase the relic density, whereas if it is more Higgsino-likebosons. On the other hand, the lightest chargino is a very
or gauginolike they will decrease it. This is because the anpureW-ino, which annihilates to gauge bosons and fermions
nihilation cross section for mixed neutralinos is generallyvery efficiently. The huge increase in the effective cross sec-
higher than those for Higgsino-like or gauginolike neutrali-tion, compensated by the large mass difference, reduces the
nos. relic density by 10—20 %. However, the relic density before
The largest decrease we see for this kind of models isntroducing coannihilations was of the order of2a0*, and
when|M4]| is slightly less thau| and both are in the TeV this small reduction is not enough to render these special
region. In this case, the lightest neutralino is a very purecases cosmologically interesting.
B-ino, and its annihilation cross section is very suppressed
since it couples neither to th& nor to theW boson. The
chargino and other neutralinos close in mass have much?in models with nonuniversal gaugino masses, the lightest gaugi-
higher annihilation cross sections, and thus coannihilationsolike neutralino can be almost degenerate with the lightest
between them greatly reduce the relic density. This big reehargino, and coannihilations can be important, as examined, e.g.,
duction suffices to Ioweﬂxh2 to cosmologically acceptable in Ref.[22].
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E. Cosmologically interesting region and Yamaguch[7]: the inclusion of coannihilations when

We now summarize when the neutralino is a good dark™<Mw IS very important when the neutralino is Higgsino-
matter candidate. Figure 9 shows the cosmologically interlike. In contrast with their calculation, we do, however, find
esting region 0.0259Xh2<1 in the neutralino mass- @& window of cosmologically interesting Higgsino-like neu-
composition plane,/(1—Zy) versusm,,. tra!in(_)s where _the masses a_n;(~75 GeV and tag=<1.6.

The light Higgsino-like region does not extend to the left This is due primarily to a milder mass degeneracy at low
and down because of the LEP 2 bound on the chargino mast&n3, and secondarily to the one-loop corrections to the neu-
The lower edge in gaugino fraction &g~ 10"° is the border ~ tralino masses pointed out in R¢€].
of our survey(how high|M,| is allowed to b The upper _Wg alsq find that coannihilations are important for heavy
limit on Z, and the upper limit on the neutralino mass comeHiggsino-like neutralinosm,>m,y, for which the relic den-
from the requiremenf) h?<1. The hole for Higgsino-like ~Sity can decrease by typically a factor of 2—5, but sometimes
neutralinos with masses 85-450 GeV comes from the reeven by a factor of 10. Higgsino-like neutralinos with
quirementQXh2>0.025. m,>450 GeV can havélxh2>0.025 and hence make up at

We see that coannihilations change the cosmologicallfeast a major part of the dark matter in galaxies.
interesting region in the following aspects: the region of light ~When [u|~|Mg, coannihilations will always be impor-
Higgsino-like neutralinos is slightly reduced and the big re-tant: they can decrease the relic density by up to a factor of
gion of heavier Higgsinos is shifted to higher masses, thd 00 or even increase it by up to a factor of 3. In these mod-
lower boundary shifting from 300 GeV to 450 GeV and the®€ls, the neutralino is either Higgsino-like, mixed, or gaugi-
upper boundary from 3 TeV to 7 TeV. nolike, and when the gaugino fractiafy<0.96, the relic

The fuzzy edge at the highest masses is due to models #ensity can be cosmologically interesting.
which the squarks are close in mass to the lightest neutralino, Coannihilations between neutralinos and charginos in-
in which caset- and u-channel Squark exchange enhancescrease the Cosmological upper limit on the neutralino mass
the annihilation cross section. In these rather accidentdfom 3 to 7 TeV. Coannihilations with squarks might in-
cases, coannihilations with squarks are expected to be impogrease it further.
tant and enhance the effective cross section even further. Coannihilation processes must be included for a correct

Thus, the upper bound of 7 TeV on the neutralino mass magvaluation of the neutralino relic density when|>|M,|
be an underestimate. and when|u|=<2|M,|. In the first case, the neutralino is a

very pure gaugino and its relic density overcloses the Uni-
verse. In the second case, the neutralino is either Higgsino-
like, mixed, or gauginolike, and for each of these types there
VIIl. CONCLUSIONS are many models where it is a good dark matter candidate.

) . . To establish this, the inclusion of coannihilations has been
We have performed a detailed evaluation of the relic dengssential.

sity of the lightest neutralino, including all two-body coan-
nihilation processes between neutralinos and charginos for
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