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Light Higgsino dark matter
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We reinvestigate the question of whether a light Higgsino-like neutralino is a viable dark matter candidate.
To this end we compute the dominant one-loop corrections to the masses of the Higgsino-like states in the
minimal supersymmetric standard model~MSSM!, due to loops involving heavy quarks and their superpart-
ners. We also calculate analogous corrections to the couplings of Higgsino-like neutralinos toZ and Higgs
bosons. In the region of parameter space leading to high Higgsino purity of the lightest neutralino, these
corrections can change the expected relic density by up to a factor of 5 in either direction. We conclude that for
favorable choices of soft supersymmetry-breaking parameters, a state with more than 99% Higgsino purity
could indeed form all cold dark matter in the Universe. In some cases these corrections can also increase the
expected cross section for LSP scattering off spinless nuclei by up to two orders of magnitude, or reduce it to
zero.@S0556-2821~97!03313-4#

PACS number~s!: 12.60.Jv, 14.80.Ly
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I. INTRODUCTION

It has been known for more than ten years that the ligh
supersymmetric particle~LSP! can be a good candidate fo
the missing ‘‘dark matter’’~DM! in the universe@1,2#. In
models with conserved ‘‘R parity,’’ the LSP is absolutely
stable. Searches for exotic isotopes@3# then imply that it
must be electrically and color neutral. Within the partic
content of the minimal supersymmetric standard mo
~MSSM! this leaves us with two kinds of candidates: t
lightest sneutrinoñ and the lightest neutralinox̃ 1

0. A com-
bination of ‘‘new physics’’ searches at the CERNe1e2 col-
lider LEP and direct DM search experiments excludes
sneutrino as viable DM candidate@2#. This leaves us with the
lightest neutralino.

In general, the lightest neutralinox̃ 1
0 is a superposition of

the U(1)Y gauginoB ~‘‘ B-ino’’ !, the neutral SU~2! gaugino
W̃3 , and the two Higgsinosh̃ 1

0 and h̃ 2
0 ~with Yh̃1

52Yh̃2

521/2!. A gaugino-dominated state~photino or B-ino! has
the right relic density@4,5# to provide the missing dark mat
ter if m

l̃ R

4
/mx̃

1
0

2 .(200 GeV)2, which points towards the sam

range of superparticle masses favored by naturalness a
ments; here,l̃ R stands for SU~2! singlet sleptons, whose ex
change dominates the annihilation of B-ino-like neutralin
since they have the largest hypercharge. Originally, it w
thought@4# that a sufficiently pure Higgsino state would al
give an interesting relic density, if it is lighter than theW
boson so thatx̃ 1

0x̃ 1
0→W1W2 is kinematically suppressed

The reason is that the coupling of a pair of Higgsino-li
LSP’s to a Z boson becomes very small if the gaugin
masses are much larger than the Higgsino mass param
However, Mizuta and Yamaguchi@6# later realized that the
standard estimate@2# for the LSP density is not reliable in
this case. The reason is that there are actually th
Higgsino-like states, two neutralinos, and one chargino. T
560556-2821/97/56~1!/276~15!/$10.00
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mass splitting between these states becomes very sma
the gaugino masses become large. In such a situation on
to include ‘‘coannihilation’’ between the LSP and these on
slightly heavier states@7#. Note that the Zx̃ 1

0x̃ 2
0 and

Wx̃ 1
0x̃ 1

6 couplings are large if the LSP is dominantly
Higgsino. Coannihilation therefore greatly reduces the e
mate for the relic density of a Higgsino-like LSP@5,6#.

So far, the discussion was based essentially on tree-l
results~although QCD corrections were taken into account
the leading logarithmic approximation by using ‘‘running
quark masses and couplings@5#!. More recently, complete
one-loop electroweak radiative corrections to the masse
the neutralinos and charginos have become available@8#. Us-
ing these general results, Giudice and Pomarol very rece
pointed out@9# that loop corrections can quite significant
change the mass splitting between the three Higgsino-
states, the dominant contribution coming from loops invo
ing heavy quarks (t,b) and their superpartners. This is o
some relevance for superparticle searches at LEP, since
heavier Higgsino-like states will be quite difficult to dete
experimentally if their decays only deposit a few GeV
visible energy in the detector.1

Here we point out that these radiative corrections can a
change the estimate of the LSP relic density quite dram
cally, since the coannihilation rate depends exponentially
the mass splitting between the Higgsino-like states. Ra
tive corrections also change the decomposition of the L
which alters its couplings to gauge and Higgs bosons. Th
couplings are further modified by explicit vertex correction

1In this case one can still search for events where the hea
Higgsinos are produced in association with a hard, isolated pho
This signal should be viable@10# even in the limit of almost perfec
mass degeneracy, but the cross section is considerably smaller
for the simple pair production process.
276 © 1997 The American Physical Society
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56 277LIGHT HIGGSINO DARK MATTER
We present a full calculation of these three-point funct
corrections due to Yukawa interactions. Their effect on
relic density is relatively modest, but for negative sign of t
Higgsino mass parameter they can change the cross se
for LSP scattering off spinless nuclei by two orders of ma
nitude.

The remainder of this article is organized as follows.
Sec. II we describe the formalism, including one-loop c
rections to the masses and relevant couplings of Higgsi
In Sec. III we present numerical results for the LSP re
density and its detection rate in a76Ge detector. Our estimat
of the relic density includes a careful treatment
s-channel poles@7#, as well as ‘‘subthreshold annihilation’
@7# into W and Higgs boson pairs. Our estimate of the L
detection rate includes the full set of contributions discus
in Ref. @11#. In Sec. IV we summarize our results and pres
some conclusions. Finally, in the Appendix we list expre
e

ion
-

-
s.

f

d
t
-

sions for three-point functions in the kinematical configu
tions of interest to us.

II. FORMALISM

In this section we describe the calculation of the one-lo
corrections to the mass of the Higgsino-like states, as we
to the couplings of the LSP toZ and Higgs bosons. We focu
here on corrections from Yukawa couplings, which give t
potentially largest contributions to the mass splittings@9# and
couplings of interest to us.

A. Corrections to the masses

The corrections to the mass splittings can be underst
as corrections to the chargino and neutralino mass matri
Including one-loop corrections to the Higgsino masses, th
matrices can be written as
SM

hat
tions to
need to

l
ol of the
M65S M2

&MWcosb
&MWsinb

m1dC
D , ~1a!

M05S M1

0
2MZcosb sinuW
MZsinb sinuW

0
M2

MZcosb cosuW
2MZsinb cosuW

2MZcosb sinW
MZcosb cosuW

d33
2m2d34

MZsinb sinuW
2MZsinb cosuW

2m2d34
d44

D . ~1b!

HereM1 andM2 are the supersymmetry-breaking masses of the U~1!Y and SU~2! gauginos, respectively,m is the Higgsino
mass parameter, and tanb5^H2

0&/^H1
0& is the ratio of vacuum expectation values of the two neutral Higgs fields of the MS

@12,13#.
Note that we are only interested in states that are~almost! pure Higgsinos. We do therefore not include contributions t

are suppressed by both loop factors and small Higgsino-gaugino mixing angles. This is why we only included correc
the Higgsino entries of the mass matrices. Further, since we focus on corrections due to Yukawa couplings, we only
consider quark-squark loops. Their contributions are given by@8#

dC52
3

32p2 Re$hbhtsin~2u b̃!mt@B0~Q,t,b̃1!2B0~Q,t,b̃2!#1hbhtsin~2u t̃ !mb@B0~Q,b, t̃1!2B0~Q,b, t̃2!#

1m@~hb
2sin2u b̃1ht

2cos2u b̃!B1~Q,t,b̃1!1~hb
2cos2u b̃1ht

2sin2u b̃!B1~Q,t,b̃2!1~ht
2sin2u t̃ 1hb

2cos2u t̃ !B1~Q,b, t̃1!

1~ht
2cos2u t̃ 1hb

2sin2u t̃ !B1~Q,b, t̃2!#%, ~2a!

d3452
3m

32p2 Re$ht
2@B1~Q,t, t̃1!1B1~Q,t, t̃2!#1hb

2@B1~Q,b,b̃1!1B1~Q,b,b̃2!#%, ~2b!

d3352
3

16p2 hb
2mbsin~2u b̃!Re$B0~Q,b,b̃1!2B0~Q,b,b̃2!%, ~2c!

d4452
3

16p2 ht
2mtsin~2u t̃ !Re$B0~Q,t, t̃1!2B0~Q,t, t̃2!%. ~2d!

HereB0 andB1 are two-point functions, for which we use the conventions of Ref.@8#. Their first argument is the externa
momentum scaleQ, and the second and third arguments are a quark and squark mass, for which we wrote the symb
corresponding fields in order to avoid double subscripts. The squark masses are eigenvalues of thet̃ andb̃ mass matrices@14#,
which we write in the basis (q̃L ,q̃R) following the notation of Ref.@15#:

M
t̃

2
5Smt

21m
t̃ L

2
1~ 1

22 2
3 sin

2uW!cos~2b!MZ
2

2mt~At1m cotb!

2mt~At1m cotb!

mt
21m

t̃ R

2
1 2

3 sin
2uWcos~2b!MZ

2D , ~3a!
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M
b̃

2
5Smb

21m
t̃ L

2
2~ 1

22 1
3 sin

2uW!cos~2b!MZ
2

2mb~Ab1m tanb!

2mb~Ab1m tanb!

mb
21m

b̃R

2
2 1

3 sin
2uWcos~2b!MZ

2D . ~3b!
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Note that SU~2! invariance implies that the soft breakin
terms appearing in the~1,1! entries of the mass matrices~3a!
and ~3b! are equal. The lighter eigenstates are defined
q̃15q̃Lcosuq̃1q̃Rsinuq̃ . Finally, hb andht in Eqs.~2! are the
Yukawa couplings of theb and t quarks:

hb5
gmb

&MWcosb
, ht5

gmt

&MWsinb
, ~4!

whereg is the SU~2! gauge coupling, and the quark mass
are to be taken at scaleQ.

As written, the correctionsdC andd34 are divergent. The
fact that the divergence is the same for these two quant
provides a nontrivial check of our calculation. This dive
gence has to be absorbed by renormalizing the Higgs
mass parameterm. We have used theDR renormalization
scheme, with renormalization scale taken equal to the ex
nal momentum scaleQ. For consistency, the tree-level p
rameterm in Eqs. ~1! then has to be interpreted as runni
mass taken at the same scaleQ. In principle one has to
diagonalize the matrices of Eqs.~1! at differentQ5mx̃

i
0 or

Q5mx̃
i
6 in order to compute the physical~on-shell! neu-

tralino and chargino masses. However, since theQ depen-
dence of the corrections is quite weak, for our purposes
sufficient to compute the mass matrices at fixedQ5umu.

For our later discussion it is convenient to have appro
mate analytical expressions for the masses of the Higgs
like states as well as for the LSP eigenvector. In the for
relevant limitM1 ,M2@umu the mass of the lighter chargin
is approximately

mx̃
1
6.umCuF12

MW
2 sin~2b!

mCM2
G1O~M2

22!, ~5!

wheremC5m1dC ; see Eq.~1a!.
In the same limit the two lightest neutralinos are appro

mately equal to the symmetric and antisymmetric combi
tion of the two-Higgsino current eigenstatesh̃ 1

0 and h̃ 2
0. In-

cluding terms up to first order in small quantities, the
eigenvectors are given by2

Nh̃
S
0.S e1

~S! ,e2
~S! ,

1

&
1e3 ,

1

&
2e3D , ~6a!

Nh̃
A
0.S e1

~A! ,e2
~A! ,

1

&
2e3 ,2

1

&
2e3D , ~6b!

with

2In our convention the neutralino eigenvectors are real, and
keep the signs of the eigenvalues.
s

s

es

o

r-

is

i-
o-
s

-
-

e1
~S,A!5

MZsinuW
M1

cosb7sinb

&
, ~7a!

e2
~S,A!52

MZcosuW
M2

cosb7sinb

&
, ~7b!

e35
MZ

2cos~2b!

4&mN
S sin2uWM1

1
cos2uW
M2

D1
d442d33

4&mN

5
&MW

2 cos~2b!

5mNM2
1

d442d33

4&mN

, ~7c!

with mN5m1d34. The upper~lower! sign in Eqs.~7a! and
~7b! holds for the symmetric~antisymmetric! Higgsino state.
The second equality in Eq.~7c! is valid only if one assumes
the usual ‘‘unification condition’’

M 15
5
3 tan

2uWM2.0.5M2 . ~8!

The masses of the Higgsino-like eigenstates are given

mh̃
S,A
0 .7mN2

MZ
2

2
@17sin~2b!#S sin2uWM1

1
cos2uW
M2

D
1
1

2
~d331d44!

.7mN2
4MW

2

5M2
@17sin~2b!#1

1

2
~d331d44!, ~9!

where we have kept the signs of the eigenvalues, and
second equality again assumes Eq.~8!.

If the second term in Eq.~9! is larger than the loop cor
rections given by the third term, which is generally the ca
for M2<1 TeV, the LSP will be the symmetric~antisymmet-
ric! Higgsino state ifm is negative~positive!. For small and
moderate values of tanb, this distinction is quite important
since the antisymmetric Higgsino-like state has larg
gaugino components: see Eqs.~7a! and ~7b!. Moreover, the
mass splitting between the Higgsino-like states also depe
on the sign ofm. Assuming for simplicity Eq.~8! to hold,
one has@9#

umx̃
2
02mx̃

1
0u.U8MW

2

5M2
2d332d44U, ~10a!

mx̃
1
62umx̃

1
0u.

MW
2

5M2
@42sgn~m!sin~2b!#2

1

2
~d331d44!

1dC2d34. ~10b!

Note that the one-loop corrections increase~decrease! the
mass splittings ifd331d44 is negative~positive!. As already
e
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FIG. 1. Quark-squark loop corrections to the coupling of a pair of LSP’s to aZ or Higgs boson. The LSP momentak1 andk2 point
towards the vertex. Note that both senses of the ‘‘Dirac arrow’’~flow of fermion number! have to be added, since the LSP is a Majora
fermion. There is also a diagram of type~c! with a quark-squark bubble on the other neutralino line. There are two squark mass eige
with a given flavor.
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pointed out in Ref.@9#, this correction can be quite signifi
cant. In contrast, we found that the last term in Eq.~10b!,
dC2d34, is negligible in all cases.

B. Corrections to the couplings

At the tree level theZx̃ 1
0x̃ 1

0 coupling is proportional to
the tree-level contribution toe3 ; this coupling largely deter-
mines the annihilation rate of Higgsino-like LSP’s. Howev
at the one-loop level one has to include the explicit ver
correction diagrams of Figs. 1~a! and 1~b! as well as the
~off-diagonal! wave function renormalization diagram of Fig
1~c!. We compute these corrections in the limit where t
lighter neutralinos are exact Higgsino; at the end, we inclu
mixing by simply multiplying the correction with the rel
evant Higgsino component of the eigenstates. This proce
greatly simplifies the calculation. In this limit the only non
vanishingZ-neutralino coupling is the off-diagonalZx̃ 1

0x̃ 2
0

coupling, and so we do not need to include any diago
wave function renormalization diagrams. Note also that th
is no vertex counterterm, since Yukawa couplings do
renormalize gauge couplings at the one-loop level. Our p
cedure will give reliable results as long as the gaugino co
ponentse1 ande2 in Eqs.~6! are small. When these compo
,
x

e
e

re

al
re
t
-
-

nents become sizable or even dominant, our procedure
no longer give an accurate estimate of the loop correctio
however, in this case the loop corrections are in any c
much smaller than the tree-level contributions to the m
splittings and couplings of interest to us, so that we ag
only make a small error.

The diagrams of Fig. 1 can be described by the effect
Zx̃ 1

0x̃ 1
0 vertex

dGZx̃ x̃
m 52 i

3g

8p2cosuW
@~N13

2 hb
2da

~b!1N14
2 ht

2da
~ t !!gmg5

1~N13
2 hb

2dp
~b!1N14

2 ht
2dp

~ t !!~k1
m1k2

m!g5#, ~11!

whereN13 andN14 are the third and fourth components
the LSP eigenvector, andk1 andk2 are the momenta of the
two neutralinos. We use the tensor decomposition of
three-point function as given in Ref.@16#; this form is con-
venient for the case of two equal external masses. The c
ficientsda,p of Eq. ~11! can then be written as
da
~q!5@ca,q1cv,qcos~2u q̃!#F ~mx̃

1
0

2
2k1•k2!C2

1~ q̃1!1~mx̃
1
0

2
1k1•k2!C2

2~ q̃1!1C2
0~ q̃1!1mx̃

1
0

2 S 12 C0~ q̃1!22C1
1~ q̃1! D

1
1

2
mq
2C0~ q̃2!G1@ca,q2cv,qcos~2u q̃!#F ~mx̃

1
0

2
2k1•k2!C2

1~ q̃2!1~mx̃
1
0

2
1k1•k2!C2

2~ q̃2!1C2
0~ q̃2!

1mx̃
1
0

2 S 12 C0~ q̃2!22C1
1~ q̃2! D1

1

2
mq
2C0~ q̃1!G2

1

2
ca,q1mqmx̃

1
0ca,q

3sin~2u q̃!@C0~ q̃1!22C1
1~ q̃1!2C0~ q̃2!12C1

1~ q̃2!#

2cos~2u q̃!@~2I 3,qcos
2u q̃1eqsin

2uW!C2
0~ q̃1 ,q̃1!1~ I 3,qsin

2u q̃2eqsin
2uW!C2

0~ q̃2 ,q̃2!#1I qsin
2~2u q̃!C2

0~ q̃1 ,q̃2!

2
I q
2

@B1~ q̃1!1B1~ q̃2!#1
mqI q
2mx̃

1
0
sin~2u q̃!@B0~ q̃2!2B0~ q̃1!# ~12a!
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dp
~q!5mx̃

1
0$@ca,q1cv,qcos~2u q̃!#@2C2

2~ q̃1!2C1
1~ q̃1!#1@ca,q2cv,qcos~2u q̃!#@2C2

2~ q̃2!2C1
1~ q̃2!#

12 cos~2u q̃!@~2I 3,qcos
2u q̃1eqsin

2uW!C2
2~ q̃1 ,q̃1!1~ I 3,qsin

2u q̃2eqsin
2uW!C2

2~ q̃2 ,q̃2!#

22I qsin
2~2u q̃!C2

2~ q̃1 ,q̃2!%1mqsin~2u q̃!$2ca,q@C1
1~ q̃1!2C1

1~ q̃2!#2I 3,qC1
2~ q̃1 ,q̃2!%. ~12b!
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Here we have used the shorthand notat
Ck(q̃i)5Ck(s,mx̃

1
0

2
,mq ,mq ,mq̃i

), Ck(q̃i ,q̃ j )5Ck(s,mx̃
1
0

2
,

mq̄i
,mq̄ j

,mq), and Bk(q̃i)5Bk(mx̃
1
0

2
,mq ,mq̃i

). Recall that

we use theB1 function of Refs.@8#, which differs from that
of Ref. @16# by an overall sign. Finally, the couplings in Eq
~12! are given by

ca,q5
1
2 I 3,q , cv,q52 1

2 I 3,q1eqsin
2uW , ~13!

whereI 3,q561/2 andeq are the weak isospin and charge
quarkq, respectively.

We note that one obtains a finite result only after su
ming over all three classes of diagrams and both squ
eigenstates. Similarly, decoupling of degenerate he
squarks (mq̃1

.mq̄2
→`) only holds after summation ove

all three diagrams and both squark eigenstates. However
very last contribution toda

(q) , Eq.~12a!, is by itself finite and
shows the proper decoupling behavior. In fact, it closely
sembles the correctionsd33 and d44 of Eqs. ~2c! and ~2d!.
Indeed, these two terms come from the same two-point fu
tion diagrams; see Fig. 1~c!. We can therefore include thes
terms either explicitly inda

(q) or via the mass matrix correc
tions d33 andd44, where they change the quantitye3 given
in Eq. ~7c!; recall that this quantity determines the ‘‘tre
level’’ Zx̃ 1

0x̃ 1
0 vertex @12#:

GZx̃ x̃
m,tree5 i

g

2 cosuW
gmg5~N13

2 2N14
2 !

.6 i
g

cosuW
&e3g

mg5 , ~14!

where the~upper! lower sign is for the symmetric~antisym-
metric! Higgsino state, i.e., for negative~positive! m. To-
gether with Eq.~7c!, this sign ensures that the sign of th
correction to theZx̃ 1

0x̃ 1
0 coupling is independent of the sig

of m. This can also be seen from the last contribution
da
(q) , of course, keeping in mind that the LSP mass is alw
positive, independent of the sign ofm; see Eq.~9!. We find
that this term usually gives the dominant contribution
da
(q) ; moreover, thedp

(q) are usually quite small. One ca
therefore get a rough estimate of the size of the loop con
butions from the diagrams of Fig. 1 by simply diagonalizi
the mass matrix~1b!, including the correctionsd33 and
d44, and using the ‘‘tree-level’’ vertex of Eq.~14!. Of
course, one must not include this correction both in the m
matrix and inda

(q) .
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We also computed one-loop corrections to the LSP c
pling to the neutral Higgs bosons of the MSSM. These c
plings are not so important for the estimate of the relic d
sity, unless 2mx̃

1
0 happens to be very close to or slight

lower than the mass of one of these Higgs bosons. Howe
the exchange of the neutral scalar Higgs bosons often g
the dominant contribution@17,11# to elastic LSP-nucleus
scattering. One therefore has to know these couplings q
accurately in order to make a reliable estimate of the ev
rate in various experiments that search for relic neutralin
This is true both for direct detection experiments, whi
search for the recoil of nuclei struck by ambient LSP’s, a
for indirect detection experiments that search for neutrin
produced by LSP annihilation in the center of the Earth
Sun @18,2#; the detection rate of the indirect search expe
ments is proportional to the rate with which ambient neutra
nos are captured by the Earth or Sun, which in turn is p
portional to the LSP scattering cross section off ordina
matter.

At the tree level a pure Higgsino state has no couplings
Higgs bosons; these couplings originate from the Hig
Higgsino-gaugino interactions in the supersymmetric L
grangian. This also implies that the wave function renorm
ization diagram of Fig. 1~c! does not contribute here.3 We
therefore only have to evaluate the explicit vertex correctio
of Figs. 1~a! and 1~b!.

Their contribution can be described by the effective v
tices

idGfx̃ x̃52 i
3

16p2 ~hb
2N13

2 df
~b!1ht

2N14
2 df

~ t !!, ~15a!

idGAx̃ x̃52
3

16p2 g5~hb
2N13

2 dA
~b!1ht

2N14
2 dA

~ t !!, ~15b!

wheref stands for the light neutral scalarh0 or the heavy
neutral scalarH0 andA is the pseudoscalar Higgs boson. T
coefficients in Eqs.~15! can be written as

3There are wave function renormalization diagrams where an
ternal Higgsino is converted into a gaugino, which then couples
the Higgs boson and the second Higgsino. This gives contribut
of order (3/16p2)g2htmt /M2 , which can be interpreted asO(ht

2)
corrections to the tree-level coupling, which is of ord
gMW /M2 . However, unlike our correctionsd33 and d44 this only
corrects an entry in the neutralino mass matrix that is already n
zero at the tree level, and will therefore change the LSP coupli
to Higgs bosons by at most a few percent. In our case these co
tions are further suppressed since we are interested in a Higg
like LSP, which~for tanbÞ1! impliesM1 ,M2@umu; diagrams with
internal gaugino lines are then suppressed by the large gau
masses.
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df
~q!5

hqrf
~q!

&
$sin~2u q̃!@~mq̃1

2 1mq
21mx̃

1
0

2
!C0~ q̃1!24mx̃

1
0

2
C1

1~ q̃1!2~mq̃2

2 1mq
21mx̃

1
0

2
!C0~ q̃2!14mx̃

1
0

2
C1

1~ q̃2!#

12mx̃
1
0mq@C0~ q̃1!1C0~ q̃2!22C1

1~ q̃1!22C1
1~ q̃2!#%1cq̃ ,11

~f! @mqsin~2u q̃!C0~ q̃1 ,q̃1!12mx̃
1
0C1

1~ q̃1 ,q̃1!#

1cq̃ ,22
~f! @2mqsin~2u q̃!C0~ q̃2 ,q̃2!12mx̃

1
0C1

1~ q̃2 ,q̃2!#12cq̃ ,12
~f! mqcos~2u q̃!C0~ q̃1 ,q̃2!, ~16a!

dA
~q!5

hqr A
~q!

&
$sin~2u q̃!@~mq

21mx̃
1
0

2
2mq̃1

2 !C0~ q̃1!2~mq
21mx̃

1
0

2
2mq̃2

2 !C0~ q̃2!#12mx̃
1
0mq@C0~ q̃1!1C0~ q̃2!#%

12cq̃ ,12
~A! @mqC0~ q̃1 ,q̃2!12mx̃

1
0sin~2u q̃!C1

2~ q̃1 ,q̃2!#. ~16b!
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Here we have used the same notation for the argumen
the C functions as in Eqs.~12!. The coefficientsrf

(q) and
r A
(q) describe the Higgs couplings to quarks; they are giv
by @13#

r H0
~ t !

52
sina

sinb
, r h0

~ t !
52

cosa

sinb
, r A

~ t !52cotb,

r H0
~b!

52
cosa

cosb
, r h0

~b!
5
sina

cosb
, r A

~b!52tanb, ~17!

where a is the mixing angle of the neutral scalar Higg
bosons@13#. Finally, the coefficientscq̃ ,i j

(f) andcq̃ ,12
(A) describe

the couplings of one Higgs boson to a pair of squarks; t
are given by@19#

cq̃ ,11
~H0!52

gMZcos~a1b!

cosuW
@ I 3,qcos

2u q̃2eqsin
2uWcos~2u q̃!#

1
gmq

2

MW
rH0

~q!
2
hqsin~2u q̃!

&
~r H0

~q!Aq1r H08~q!m!, ~18a!

cq̃ ,12
~H0!52

gMZcos~a1b!

cosuW
sin~2u q̃!Feqsin2uW2

I 3,q
2 G

2
hqcos~2u q̃!

&
~r H0

~q!Aq1r H08~q!m!, ~18b!

cq̃ ,11
~h0!5

gMZsin~a1b!

cosuW
@ I 3,qcos

2u q̃2eqsin
2uWcos~2u q̃!#

1
gmq

2

MW
rh0

~q!
2
hqsin~2u q̃!

&
~r h0

~q!Aq1r h08
~q!m!, ~18c!

cq̃ ,12
~h0!5

gMZsin~a1b!

cosuW
sin~2u q̃!FeqsinuW2

I 3,q
2 G

2
hqcos~2u q̃!

&
~r h0

~q!Aq1r h08
~q!m!, ~18d!

cq̃ ,22
~f! 5cq̃ ,11

~f! ~cosu q̃→sinu q̃ ,sinu q̃→2cosu q̃!, ~18e!
of

n

y

cq̃ ,12
~A! 5

hq

&
~r A

~q!Aq1m!S sinb for u
cosb for dD , ~18f!

where

r H08~ t !
52

cosa

sinb
, r h08

~ t !
5
sina

sinb
,

r H08~b!
52

sina

cosb
, r h08

~b!
52

cosa

cosb
. ~19!

The Aq also appear in the squark mass matrices of E
~3!, and I 3,q and eq again refer to the weak isospin an
charge of quarkq. Finally, the Yukawa couplingshq have
been defined in Eq.~4!.

Note that the pseudoscalar Higgs boson has no coupl
to two equal squark eigenstates@13#.

We note that in this case the diagrams of the type sho
in Fig. 1~a! are finite by themselves once one has summ
over both squark eigenstates, and the diagrams of Fig.~b!
are separately finite for each combination of squarks in
loop. Notice also that this last class of diagrams is prop
tional to the Higgs-squark-squark couplings, which rece
contributions from theAq parameters; these couplings ca
become very large@19#.

As noted earlier, we use theC functions of Ref.@16#.
However, there is a technical complication. When estimat
the LSP relic density, we need to evaluate these function
s54mx̃

1
0

2
, whereas LSP-nucleus scattering cross secti

probe these functions ats.0. The expressions for the highe
C functions given in Appendix C of Ref.@16# contain appar-
ent divergencies inboth these limits. We stress that the loo
functions themselves remain well behaved ass→4mx̃

1
0

2
or

s→0; the apparent divergences in the expressions of R
@16# therefore all cancel. In fact, even the standard expr
sion for the scalar three-point functionC0 contains apparen
divergences in the kinematical configurations of interest
us. In the case ofC0 the necessary cancellation betwe
different terms can still be accomplished numerically
slightly increasing or reducings. However, for the higher
C functions these cancellations become quite delicate.
therefore reevaluated the relevant Feynman integrals for
two cases of interest to us. In both limiting situations theC
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functions can be expressed as combinations of two-p
(B) functions; all coefficients are now finite. The releva
expressions are collected in the Appendix.

III. RESULTS

We are now in a position to present some numerical
sults. We focus on light Higgsino-like states,mx̃

1
0,MW ,

since heavier LSP’s have very large annihilation cross s
tions intoW andZ pairs@20,5#. A heavy Higgsino therefore
only makes a good cold dark matter~CDM! candidate if its
mass exceeds 0.5 TeV. This is already uncomfortably he
for ‘‘weak scale’’ supersymmetry; for example, assumi
gaugino mass unification, the gluino mass has to be la
than 3 TeV in such scenarios. In fact, the annihilation cr
section intoW1W2 final states is so large that it can b
relevant even if the LSP mass is a little belowMW . Such
‘‘subthreshold annihilation’’ can occur since at freeze-o
the LSP’s still have significant thermal energy. We inclu
this effect forW1W2 and alsoh0h0 pairs in our estimate o
the LSP relic density, using the formalism developed in R
@7#. We also use a careful treatment ofs-channel poles~Z
and Higgs boson exchange diagrams!; as pointed out in Ref.
@7#, the standard expansion in the LSP velocity@1# breaks
down in the vicinity of such poles. We use the numeric
method developed in Ref.@21#.

In order to illustrate the effects of the loop corrections
the LSP couplings to Higgs bosons, we also present res
for the LSP counting rate in an isotopically pure76Ge detec-
tor, assuming a fixed local LSP mass density
0.3 GeV/cm3 @22# and a velocity dispersion of 320 km/se
Nuclear effects are described by a Gaussian form factor, w
a nuclear radius of 4.1 fm@23#. Of course, we could just a
well have used any other spinless isotope. The scattering
due to spin-dependent interactions is affected by the l
corrections to theZx̃

1
0x̃

1
0 coupling, but this correction is usu

ally somewhat smaller than that to the LSP–Higgs-bo
couplings. Note that the total scattering cross section
heavy nuclei is usually dominated by the spin-independ
contribution even if the nucleus in question does have n
vanishing spin@24#.

Since we are interested in scenarios with a rather li
LSP, we have to be careful not to violate any experimen
bounds. The most relevant constraints on the parameter
pearing in the tree-level neutralino mass matrix comes fr
chargino searches at LEP@25#. Unfortunately, these bound
are not entirely straightforward to interpret in our case, sin
the standard set of experimental cuts used to suppress
backgrounds becomes quite inefficient in scenarios w
smallDmx̃[mx̃

1
62mx̃

1
0. Note also that the cross section f

the production of Higgsino-like charginos is smaller than
gaugino like states. We interpret the LEP bounds as req
ing

mx̃
1
6> H75 GeV, Dmx̃>10 GeV,

45 GeV, Dmx̃,10 GeV. ~20!

The second bound comes from the measurement of the
width of theZ boson@27#, and thus holds for any value o
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Dmx̃ . We are aware that this parametrization of the LE
search constraints is only a crude approximation, bu
should be sufficient to illustrate the effects of the loop c
rections.

We have seen in the previous section that these cor
tions depend on the details of the top squark and bot
squark mass matrices. In particular, the correctionsd33 and
d44 to the neutralino mass matrix are proportional
sin(2uq̃), @see Eqs.~2c! and~2d!#; these corrections also van
ish in the limit of equal masses for squarks of a given flav
The combination of these two properties means that the
rections depend sensitively on the size of the off-diago
entries of the squark mass matrices~3!. Moreover, the poten-
tially largest correction to the LSP–Higgs-boson couplin
coming from the diagram of Fig. 1~b!, directly depends on
the A parameters appearing in the squark mass matri
Third generation squarks also contribute to other loop p
cesses. This imposes some constraints even on combina
of parameters where all squark mass eigenstates lie
above the direct experimental search limits@26,27#.

In Ref. @9# the t̃-b̃ loop contribution to the electroweakr
parameter was emphasized. However, given that a ‘‘n
physics’’ contribution dr.331023 is not excluded by
present data@27#, we find that other loop corrections lead
stronger constraints. In particular, loop corrections to
mass of the light neutral Higgs scalarh0 turn negative when
At becomes too large@28#. One important constraint there
fore comes from searches for the MSSM Higgs bosons
LEP @27#.

The constraints we have discussed so far do not dep
on the masses of the other squarks and are therefore
model independent. If we make the additional simplifyin
assumption that all explicitly supersymmetry-breaking dia
onal squark masses@mt̃ L

, mt̃ R
, andmb̃R

in Eqs. ~3!, and
analogous quantities for the first and second genera
squarks# are equal at the weak scale, we find that the str
gest constraint on the parameters of the top squark m
matrix comes from the recent CLEO measurement@29# of
the branching ratio for inclusiveb→sg decays:

131024<B~b→sg!<431024. ~21!

Since we are studying scenarios with rather light chargin
chargino–top-squark contributions to this partial width c
be quite large@30#; they can be of either sign, depending o
the signs ofm andAt . However, the resulting constraint i
more model dependent: If one allows some nonuniversa
of soft breaking squark masses, one also gets contribut
from gluino-squark and neutralino-squark loops@30#, the
size of which depends strongly on the details of the en
three generation squark mass matrices. For definitenes
will stick to a scenario with exactly universal soft breakin
squark masses, and withAt5Ab[A, with the understanding
that the constraints that result from imposing the bounds~21!
can be relaxed in slightly more general models without s
nificantly changing the loop corrections to the masses
couplings of Higgsino-like states.

In Fig. 2 we show the dependence of various quantit
relevant to our subsequent analysis, normalized such
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they can be plotted to a common scale. We fixedM2

5350 GeV andm5270 GeV, which means that the LSP
a more than 99% pure Higgsino; we define the Higgs
fraction as 12gaugino fraction512(e1

21e2
2); see Eqs.~6!.

We chose tanb51.5 so that the top Yukawa coupling is clos
to its upper bound, if one requires it to remain perturbativ
small all the way to the grand unified theory~GUT! scale, on
the other hand,b-b̃ loops are essentially negligible for suc
a small value of tanb. We took a very large mass~1.5 TeV!
for the pseudoscalar Higgs boson, since this maximi
mh0 and, hence, minimizes the impact of the LEP Hig
boson search bounds. This also means that charged H
boson loop contributions to theb→sg partial width are neg-
ligible. Our choice of 430 GeV for the common soft breaki
squark mass is again motivated by our desire to maxim
the size of the loop effects, given the experimental c
straints discussed above. Increasingmq̃ for fixed A/mq̃

would reduce the ratio of physical top squark masses, wh
leads to reducedt- t̃ loop corrections. On the other hand, w
cannot increaseA/mq̃ beyond the limits shown in Fig. 2
without violating some experimental bound. Finally, he
and in the subsequent figures we assume gaugino mass
fication, Eq.~8!.

The curves in Fig. 2 terminate at values ofA wheremh0

falls below the LEP bound of about 62 GeV; note thath0 is
essentially indistinguishable from the single Higgs boson
the SM ifmA

2@MZ
2. The two dotted curves show a ‘‘high’

and ‘‘low’’ theoretical estimate forB(b→sg), scaled up by
a factor 104. Our estimates are based on a leading or
QCD analysis@30#, which has substantial scale uncertaint
@31#; the band in Fig. 2 corresponds to varying the renorm
ization scale between 2.5 and 10 GeV and also includes
certainties from Cabibbo-Kobayashi-Maskawa~CKM! ma-

FIG. 2. Chargino-LSP mass difference~solid line!, the axial-
vector Zx̃ 1

0x̃ 1
0 coupling ~long dashed line! and theh0x̃ 1

0x̃ 1
0 cou-

pling ~short dashed line! as a function of the soft breakingA pa-
rameter, including one-loop corrections involving Yukaw
couplings. ‘‘Low’’ and ‘‘high’’ leading order estimates for the
branching ratio for inclusive radiativeb decays are also shown; fo
our assumption of exactly universal weak scale soft breaking sq
masses, this gives the strongest constraints onA in the region of
interest, as discussed in the text. All quantities have been resc
as indicated.
o

y

s

gs

e
-

h

ni-

f

r
s
l-
n-

trix elements, etc.4 Notice that the ‘‘low estimate’’ can be
zero. This happens if the contribution from sparticle loops
larger than that from the standardt-W loops and has oppo
site sign, reversing the sign of the complete matrix elem
at scaleMW or mt . Renormalization group effects give an
other contribution from tree-levelW exchange due to opera
tor mixing; this contribution is not sensitive to any ‘‘new
physics.’’ In the SM this term has the same sign as the lo
matrix element at scaleMW , leading to a large QCD en
hancement factor, but in the MSSM these two contributio
can cancel. For a fixed renormalization scale this cance
tion only happens at specific points of supersymme
~SUSY! parameter space, but perfect cancellation becom
possible for an entire range of parameters if the renormal
tion scale is allowed to vary.

We note that for the given sign ofm, the branching ratio
for inclusive b→sg decays tends to be below~above! the
SM prediction ifA is negative~positive!. In order to be con-
servative, we only exclude combinations of paramet
where the ‘‘high’’ theoretical estimate is below the low
bound, or the ‘‘low’’ estimate is above the upper boun
given in Eq.~21!. For the parameters of Fig. 2 this translat
into the constraint22.7<A/mq̃<2.65, which is only
slightly stronger than that resulting from Higgs searches
LEP. Within this region,dr t̃ b̃<2.231023.

The solid curve in Fig. 2 showsDmx̃ ~divided by 5 GeV
to fit the scale!. The tree-level prediction for this quantity fo
the given choice ofM2 , m, and tanb, 14.5 GeV, is very close
to the loop-corrected value forA50. We see that the correc
tions can either increase or decrease the chargino-LSP m
splitting by about 4 GeV before one gets into conflict wi
the constraint~21!. In this case the loop corrections therefo
only amount to at most 30%; however, we will see belo
that this suffices to change the prediction for the LSP re
density quite dramatically.

Finally, the long and short dashed curves in Fig. 2 sh
the ~rescaled! couplings of the LSP toZ and h0 bosons,
respectively;gZx̃

1
0x̃

1
0 is defined as the axial vector coupling

s54mx̃
1
0

2
, while ghx̃

1
0x̃

1
0 is defined ats50. As in case of

Dmx̃ , the tree-level predictions for these quantities are v
close to the loop-corrected values atA50. We see that the
relative variation in LSP-Z coupling is larger than that in
Dmx̃ , whenA is varied over its allowed range. Note also th
positive correlation between these two quantities, which
inforces the correlation between smallDmx̃ and small
gZx̃

1
0x̃

1
0 that holds for Higgsino-like LSP’s at the tree leve

see Eqs.~7c! and ~10b!. A similar correlation also holds for
the loop-corrected coupling of the LSP to the light sca
Higgs boson, as shown by the short dashed curve. Howe
in this case the tree-level prediction is very small,ghx̃

1
0x̃

1
0

.7.631023. This can be understood from Eqs.~7a! and
~7b! and the general expression for this coupling given
Ref. @13#:

4Very recently an almost-complete next-to-leading order calcu
tion of B(b→sg) in the framework of the MSSM has appeare
@32#; their result falls within our band.
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gh0x̃
1
0x̃

1
0,tree.

1

&
@~ge2

~S,A!2g8e1
~S,A!!~sina6cosa!#

.
4

5
~sinb7cosb!2

gMW

M2
, ~22!

where g85g tanuW is the U(1)Y gauge coupling, and the
upper~lower! signs again hold for the symmetric~antisym-
metric! higgsino; in the second step, we have used the ‘‘u
fication condition’’ ~8! as well as the relationa.b2p/2,
which holds formA

2@MZ
2. For the quite small value of tanb

used in Fig. 2, this gives a strong cancellation in the coup
of the symmetric Higgsino-like state, which is the LSP f
m,0. As a result, the one-loop correction can easily do
nate over the tree-level contribution~22!. This leads to the
behavior shown in Fig. 2, where the coupling changes sig
A.20.8mq̃ .

In Figs. 3~a!–3~c! we show the chargino-LSP mass spl
ting, the LSP relic density, and the LSP detection rate i
76Ge detector as a function of the gaugino fraction of
LSP eigenstate. We have again chosenmq̃5430 GeV, tanb
51.5, and a large value ofmA . Note that, unlike in Fig. 2,
the physical LSP mass has been kept fixed in Figs. 3;
value of 70 GeV chosen here is close to that which ma
mizes the estimate of the relic density. Sincemx̃

1
0 is kept

fixed, bothM2 and the tree-level parameterm~umu! vary along
the curves; e.g.,M2 lies between about 150 GeV and 1 Te
with larger values ofM2 corresponding to smaller gaugin
fractions: see Eqs.~7a! and ~7b!. In order to maximize the
loop effects we have also varied theA parameter slightly. In
the region of relatively smallM2 , i.e., large gaugino frac
tion, the light chargino is somewhat heavier, as shown in F
3~a!; this reduces the absolute size of thet̃-x̃6 loop contri-
butions to theb→sg decay amplitude for fixedA, which in
turn allows us to go to slightly larger values ofuAu without
violating the bounds~21!.

We show three curves in each of Figs. 3. The dot
curves labelled ‘‘no loops’’ have been obtained by switchi
off the loop corrections discussed in Sec. II. However,
keep quark-squark loop contributions to the mass matrix
the scalar Higgs bosons@33,28#, as well asq̃ loop contribu-
tions to theh0gg coupling andq-q̃ loop contributions~box
diagrams! to the LSP-gluon coupling@34,11#. These correc-
tions depend only weakly on the sign ofA, however. On the
other hand, the signs of the corrections discussed in Se
are essentially fixed by the sign ofA, as shown in Fig. 2. In
Fig. 3 we therefore show results both for positive~solid! and
negative~dashed! A, keepinguAu fixed. Since we chose pa
rameters close to those that maximize these loop correcti
the band between the solid and dashed curves in Figs.~a!
and 3~b! roughly indicates the range that can be covered
changing the parameters of the squark mass matrix, for fi
values of the parameters appearing in the tree-level char
and neutralino mass matrices.

The results of Fig. 3~a! show that loop corrections ca
change the chargino-LSP mass splitting by about 3–4 G
in either direction, as already indicated in Fig. 2. Note th
the absolute size of this correction is almost independen
the gaugino fraction. This can be understood from Eq.~10b!,
i-

g

i-

at

a
e

e
i-

.

d

e
f

II

s,

y
d
no

V
t
of

which shows that the tree-level and loop-induced contri
tions toDmx̃ are independent of each other as long as
LSP is a Higgsino-like state.

The results of Fig. 3~b! show that in the region of high
Higgsino purity the relatively modest loop corrections
Dmx̃ can change the estimate of the LSP relic density
more than a factor of 5. The reason is that here the r
density is essentially determined by coannihilation proces
@6#, which dependexponentiallyon the mass splitting@7#.
Our calculation includesx̃ 1

0x̃ 1
6 coannihilation intof f̄ 8 and

Wg final states throughW exchange andx̃ 1
0x̃ 2

0 coannihila-
tion into f f̄ final states throughZ exchange, wheref stands

FIG. 3. Chargino-LSP mass difference~a!, the LSP relic density
Vx̃h

2, ~b!, and the expected LSP detection rate in a76Ge detector
~c!, as a function of the gaugino fraction, defined as the sum of
squares of the gaugino components of the LSP eigenvector. T
results are for a fixed LSP mass, so that bothM2 andm vary along
the text. Further,uAu has been decreased from 2.7mq̃ to 2.5mq̃ as
M2 was increased from about 150 GeV to 1 TeV.
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56 285LIGHT HIGGSINO DARK MATTER
for any SM fermion other than the top quark. As is usua
done, we show results for the LSP mass density in units
the critical or closure density,Vx̃[rx̃

1
0 /rc , multiplied with

the square ofh, the Hubble constant in units of 100 km
~sec Mpc!; a conservative range forh is 0.4<h<0.9, with
recent measurements clustering around 0.5–0.6@35#. One
needsVx̃h

2>0.02–0.03 if the LSP is to form the bulk of th
galactic dark matter halos andVx̃h

2>0.15 if the LSP is to
form all CDM in models@36# with mixed hot and cold dark
matter. The results of Fig. 3~b! show that, ifA is large and
positive, a 99.9% pure Higgsino state can form galactic
los, and a 99.5% pure Higgsino might form all CDM. On t
other hand, ifA is large and negative, one will need at lea
1% gaugino fraction, corresponding toe1,2;0.1, even for the
LSP to be able to form galactic halos.

Note that the curves in Fig. 3~b! cross over in the region
where the gaugino fraction exceeds several percent. Here
mass splitting between the Higgsino-like states become
large that the relic density is again determined by the us
x̃ 1

0x̃ 1
0 annihilation processes, which in our case mostly p

ceed through virtualZ exchange. We saw in Fig. 2 that th
loop corrections increase~reduce! the Zx̃ 1

0x̃ 1
0 coupling if

A is positive ~negative!. As a result, the curve forA.0
reaches its maximum already at a rather small gaugino f
tion; in this case, the LSP can form all CDM if 180 Ge
<M2<340 GeV. In contrast, the curve forA,0 reaches its
maximum at larger gaugino fraction; here, the LSP can fr
all CDM only if M2 falls in the narrow window between 16
and 195 GeV.

In Fig. 3~c! we show estimates for the LSP detection ra
in 76Ge, ignoring possible energy thresholds and assumin
fixed local LSP mass density. In this case the loop corr
tions discussed in Sec. II can increase the tree-level resu
more than two orders of magnitude. This is largely due to
small tree-level value ofghx̃

1
0x̃

1
0 for the given case of a sym

metric Higgsino-like state; see Eq.~22!. The turnover in the
region of sizable gaugino fraction is caused by mixing w
theB-ino-like neutralino; note that near the end of the curv
shown in Figs. 3,M1 and umu are already quite close to eac
other, and so the expression~7a! for e1 is no longer reliable.

We emphasize that in this case the band between the
and dashed curves isnot a good estimate of the variation o
the expected counting rate when the parameters of the
squark mass matrix are varied, since for largeuAu the loop
corrections dominate over the tree-level contribution
ghx̃

1
0x̃

1
0, as shown in Fig. 2. The total scattering rate can

made to vanishexactly for moderately negative values o
A; this is related to the change of sign ofghx̃

1
0x̃

1
0 observed in

Fig. 2. Note that the scattering rate can vanish even for q
moderate values of all sparticle masses. This illustrates th
is impossible to give a strict lower bound on the expec
LSP detection rate even within the MSSM. Of course, th
is no a priori reason for such a cancellation between tr
level and one-loop contributions to occur; indeed, over m
of the parameter space the loop correctionsincreasethe ex-
pected event rate. However, even the most optimistic e
mate in Fig. 3~c! is still several orders of magnitude belo
the sensitivity of present experiments@37#.
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Recall that we do not rescale@38# the event rate in regions
of parameter space leading to a very small LSP relic dens
had we done so, most of the curve forA,0 would have been
below the one for positiveA, as can be seen from Fig. 3~b!.
Finally, we saw in Fig. 2 that for fixeduAu, the absolute size
of ghx̃

1
0x̃

1
0 is somewhat smaller forA,0 than forA.0. We

nevertheless find a slightly larger scattering rate forA,0,
partly because this also gives a slightly smaller value
mh0; the h

0 exchange contribution to the LSP-nucleon sc
tering matrix element scales likeghx̃

1
0x̃

1
0 /mh0

2 . Destructive

interference with various squark loop diagrams@11# also
plays a role here.

In Figs. 4~a!–4~c! we show results similar to those of Fig
3, but for positive sign of the Higgsino mass parameterm.

FIG. 4. As in Fig. 3, but for positive sign ofm; also, uAu has
been kept fixed in this figure, andmx̃

1
0 has been reduced by 2 GeV

in order to be closer to the region of parameter space where
prediction forVx̃h

2 is maximized.
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The choices for the other parameters are very similar to th
in Fig. 3, except thatA is now fixed along each curve. Fo
this rather small value of tanb, flipping the sign ofm has
quite dramatic effects, as already anticipated in our disc
sion in Sec. II. In particular the gaugino fraction of the LS
for fixed values ofM2 and umu has become much large
Conversely, one has to go to much higherM2 in order to
achieve a given level of Higgsino purity; in Fig. 4,M2 varies
between about 0.3 and 1.3 TeV. This also implies that
given Higgsino purity the chargino-LSP mass splitting
smaller form.0 than form,0; see Eq.~10b!. On the other
hand, Fig. 4~a! shows that the size of the loop contributio
to this mass splitting is essentially independent of the sign
m, as long as the gaugino fraction is small. Note that
positivem, Dmx̃ can be below 10 GeV for a gaugino fractio
as large as 12.5% (e1,2;0.3); this will have ramifications for
chargino searches at LEP@9#.

The smallerDmx̃ for fixed gaugino fraction also implies
greatly reduced relic density, due to enhanced coannihila
rates. This is illustrated in Fig. 4~b!. The increased impor
tance of co annihilation also helps to explain why the cur
in this figure do not cross, in contrast to those in Fig. 3~b!.
Another reason is that in the region of sizable gaugino fr
tion, e3 is smaller for positivem; this is due to nonleading
O(M1

22) terms not included in Eq.~7c!, which become quite
important when the gaugino fraction exceeds several perc
Indeed, for the largest gaugino fractions shown in Fig. 4,
treatment of the loop corrections to the couplings of the L
may no longer be entirely reliable, as discussed in Sec
however, as anticipated in the same discussion, the rela
importance of the loop effects decreases with increas
gaugino fraction.

This is also true for the estimated LSP detection r
shown in Fig. 4~c!. For the smaller gaugino fractions show
in this figure, we find that the loop corrections can chan
the estimate by a factor of about 2 in either directio
whereas for large gaugino fraction the loop effects amoun
at most 30%. We note again that, had we rescaled the e
rate for scenarios with small LSP relic density, the loop
fects would have been even more important in the region
high Higgsino purity. Finally, note that in the region whe
the gaugino fraction exceeds 5% the counting rate in F
4~c! exceeds that in Fig. 3~c! by almost an order of magni
tude. This is due to the much larger tree-level value
ghx̃

1
0x̃

1
0 for the antisymmetric Higgsino-like state; see E

~22!. Since now the tree-level value exceeds the loop cor
tions, we find smaller~larger! counting rates for negative
~positive! values ofA.

As a final illustration of the effects of the loop correctio
to the masses and couplings of Higgsino-like states, we s
in Figs. 5~a!–5~c! the ‘‘geography’’ of the well-known
~M2 ,m! plane in the regionM2@umu, m,0. In Fig. 5~a!
these loops have been switched off, while in Figs. 5~b! and
5~c! they have been included withA522.5mq̃ and A5
12.5mq̃ , respectively. In each case the region to the righ
the solid line is excluded by the LEP chargino search lim
~20!. The long and short dashed curves are contours of c
stant LSP relic densityVx̃h

250.025 and 0.1, respectively
The remaining lines are contours of constant LSP detec
se
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rate in a 76Ge detector, measured in events/~kg day!; as be-
fore, we have assumed a fixed local LSP density when
culating the counting rate.

We see that, depending on the sign ofA, loop corrections
to the chargino and neutralino mass matrices can sig
cantly reduce@Fig. 5~b!# or increase@Fig. 5~c!# the size of the
region that is excluded by chargino searches at LEP; this
direct result of the change inDmx̃ depicted in Fig. 3~a!.
Similarly, the loop corrections can increase or decrease
region where the LSP is a good CDM candidate; recall t
Vx̃h

2>0.025 is required if LSP’s are to form the bulk o

FIG. 5. In the region of the~m,0, M2! half-plane correspond-
ing to a Higgsino-like LSP, we show contours of constantVx̃h

2

~dashed line! and contours of constant LSP detection rate~CR! in a
76Ge detector, in units of events/~Kg day! ~dotted and dot-dashed
lines!; note that the values on the latter contours are different for~a!
~no Yukawa loop corrections!, ~b! (A,0), and ~c! (A.0). The
region to the right of the solid line is excluded by our interpretati
of the LEP chargino search limit, as discussed in the text.
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galactic dark matter halos. Finally, we again observe a d
matic change of the expected LSP detection rate due to
diative corrections. Note that this rate changes only v
slowly in Figs. 5~b! and 5~c!, whereas at the tree level on
expects a significant dependence onM2 ; see Fig. 5~a!.

We note in passing that results similar to those displa
in Figs. 3 and 5 can also be obtained in the framework o
recently proposed@39# model with nonunified gaugino
masses and a Higgsino-like LSP. This model attempts a
persymmetric interpretation of an event with ane1e2 pair,
two hard photons, and missing transverse momentumpT re-
ported by the CDF Collaboration@40#. The prospects for
detecting relic neutralinos in this model have recently be
studied in Ref.@41#, using tree-level results for the neutralin
mass matrix and LSP couplings. We expect that loop cor
tions of the type discussed here can modify some of th
estimates significantly. However, searches for additio
events with two hard photons and missingpT failed to find
additional candidates@42#. We therefore do not study thi
model in any further detail.

As stated earlier, in this section we have fixed tanb51.5
in order to maximize the top Yukawa coupling. Increasi
tanb will reduce the size of all top-quark–top-squark loo
corrections, which scale like 1/sin2b. At the same time, it
will increase the diagonal tree-level coupling of theZ boson
to the LSP, by increasing the quantitye3 in Eq. ~7c!. This
will reduce the estimate of the LSP relic density in the reg
of parameter space where coannihilation effects are s
dominant. Finally, if tanb@1, loops involvingb ~s! quarks
can also become relevant. The correctiond33 still remains
small, being proportional tombhb

2, but there might be sub
stantial new contributions to the vertices. However, the c
straint ~20! on theb→sg partial width severely constrain
the parameter space at large tanb, forcing one into a narrow
range ofA parameters where the top-quark–top-squark lo
corrections, and thus also the total corrections conside
here, are quite small. We therefore do not discuss the cas
large tanb any further.

IV. SUMMARY AND CONCLUSIONS

In this paper we have presented a calculation of loop c
rections involving Yukawa couplings to the masses and c
plings of the Higgsino-like states of the MSSM. We ha
found these corrections to be very sensitive to the size
sign of the soft supersymmetry breakingA parameters. If
uAu is large, the one-loop prediction for the difference of t
chargino and LSP masses can differ by up to;64 GeV
from the tree-level estimate; the loop correction to thex̃ 2

0

2x̃ 1
0 mass difference is about twice as large. Combinati

of parameters leading to even larger corrections lead to c
flicts with the measured value of the branching ratio for
clusiveb→sg decays and/or with the negative outcome
searches for Higgs bosons at LEP. We also found that f
negative sign of the Higgsino mass parameterm, one-loop
corrections to the LSP coupling toZ and Higgs bosons ca
be comparable to or even larger than the tree-level contr
tions already for quite moderate gaugino masses,M2
>200 GeV.

We have illustrated the importance of these loop corr
tions by computing their effect on the estimated LSP re
a-
a-
y

d
a

u-

n

c-
se
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n
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p
ed
of

r-
-

d

s
n-
-
f
a

u-
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density and on the direct LSP detection rate, assuming
LSP to be Higgsino like. The relic density is in this ca
often determined by coannihilation processes, the rate
which depends exponentially on the mass splittings betw
the Higgsino-like states. Yukawa loop corrections can the
fore change the tree-level prediction by a factor of;5 in
either direction. This reintroduces a state with more th
99% Higgsino purity as a viable cold dark matter candida
if the corrections to the mass splittings are near the upper
of their allowed range. Ifm,0, the effect of loop corrections
on the estimated LSP counting rate is even more dram
ic: The predicted rate might increase by two orders of m
nitude, but it might also be exactly zero~for spinless nuclei!,
even if all sparticle masses are in or below the few hund
GeV range. Clearly effects of this size have to be included
any quantitative analysis of the properties of Higgsino-li
dark matter.

We conclude with some remarks regarding the viability
models with a Higgsino-like LSP. Within the framework o
minimal supergravity models@43#, which assume universa
scalar masses as well as unified gaugino masses at the g
unification scale, a Higgsino-like LSP is possible only
tan2b@1 and if scalar soft breaking masses are significan
larger than gaugino masses. Since gaugino masses in
must be considerably larger thanumu for the LSP to be
Higgsino like, naturalness arguments favor a very light L
in such a scenario. On the other hand, the parameter s
leading to a Higgsino-like LSP opens up considerably if o
allows the sparticle spectrum at the GUT scale to be non
versal. In particular, the predicted value ofumu can be reduced
either by giving larger soft breaking masses to the Hig
bosons than to third generation squarks or by reducing
gluino mass compared to the masses of the electrow
gauginos. We therefore conclude that a Higgsino-like L
with mass slightly belowMW can be a viable cold dark mat
ter candidate, both from the phenomenological and from
model building point of view.
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APPENDIX: EXPRESSIONS FOR C FUNCTIONS

In Sec. II we gave general expressions for the one-lo
corrections from Yukawa interactions to theZx̃ 1

0x̃ 1
0 vertex,

Eqs.~12!, as well as for thefx̃ 1
0x̃ 1

0 andAx̃ 1
0x̃ 1

0 couplings,
Eqs. ~16!, in terms of theC functions defined in Ref.@16#.
However, as already mentioned in Sec. II, the expressions
the C functions contain apparent divergences both in
limit s→4mx̃

1
0

2
relevant for the calculation of the LSP reli

density and in the limits→0 relevant for the calculation o
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the LSP-nucleon scattering cross section.5 In case of the
higherC functions, the necessary cancellations become
delicate for a reliable numerical treatment even if ‘‘doub
precision’’ variables are used. We have therefore reevalu
the relevant Feynman parameter integrals in these two k
matical limits, which allows us to express theC functions
appearing in Sec. II as combinations ofB functions. These
expressions are collected in this appendix.

In our notation the scalar three-point functionC0 is de-
fined as

C0~s,m
2,M1 ,M2 ,M3!52E

0

1

dyE
0

y

dx@m2y21s~x22xy!

1y~M2
22M3

22m2!1x~M1
22M2

2!

1M3
22 i e#21, ~A1!

this definition coincides with that used in Appendix C of Re
@16#. This gives

C0~4m
2,m2,M1 ,M2 ,M3!5

1

D
@B0~m

2,M1 ,M3!

1B0~m
2,M2 ,M3!

22B0~4m
2,M1 ,M2!#,

~A2a!
o
-
ed
e-

.

C0~0,m
2,M1 ,M2 ,M3!5

1

M1
22M2

2 @B0~m
2,M1 ,M3!

2B0~m
2 ,M2 ,M3!#, ~A2b!

where

D52~m21M3
2!2M1

22M2
2. ~A3!

In the limit M1→M2 , Eq. ~A2b! reduces to

C0~0,m
2,M ,M ,M3!52

1

2m2 F ln M2

M3
2 1

M3
21m22M2

AuDu
LG ,
~A4!

where we have introduced

D52m2~M21M3
2!2m42~M22M3

2!2, ~A5a!

L55 2 arctan
AD

M21M3
22m2 , D>0,

ln
M21M3

22m21A2D

M21M3
22m22A2D

, D,0.

~A5b!

If Eqs. ~A2! are used forC0 , the functionC1
1 defined in

Ref. @16# has apparent divergences only ats→4m2 ~we sup-
press the imaginary infinitesimal2 i e from now on!:
f

C1
1~4m2,m2,M1 ,M2 ,M3!52E

0

1

dyE
0

y

dx
y/2

m2~y22x!21y~M2
22M3

22m2!1x~M1
22M2

2!1M3
2

5
1

2D
1

1

D2 HM3
2@B0~m

2,M1 ,M3!1B0~m
2,M2 ,M3!#1m2@B2~m

2,M3 ,M1!1B2~m
2,M3 ,M2!#

1
M1

22M2
2

2
@B1~m

2,M3 ,M1!2B1~m
2,M3 ,M2!#2@2~m21M3

2!1M2
22M1

2#

3B0~4m
2,M1 ,M2!12~M2

22M1
2!B1~4m

2,M2 ,M1!18m2B3~4m
2,M1 ,M2!J , ~A6!

whereD has been defined in Eq.~A3!. Here we have used the higherB functions as defined in Ref.@44#; recall that our
definition ofB1 differs by an overall sign from that of Ref.@16#.

Similarly, after application of Eqs.~A2!, the functionC1
2 contains apparent divergences only ats50:

C1
2~0,m2,M1 ,M2 ,M3!52E

0

1

dyE
0

y

dx
x2y/2

m2y21y~M2
22M3

22m2!1x~M1
22M3

2!1M3
2

5
1

2~M1
22M2

2! H S 112
M2

22M3
2

M1
22M2

2D @B1~m
2,M3 ,M2!2B1~m

2,M3 ,M1!#

2
2m2

M1
22M2

2 @B3~m
2,M3 ,M2!2B3~m

2,M3 ,M1!#

1
2M3

2

M1
22M2

2 @B0~m
2,M2 ,M3!2B0~m

2,M1 ,M3!#21J . ~A7!

5Recall that Eqs.~12! and ~16! have been written in a convention where both momentak1 andk2 point towards the vertex. In case o
LSP-nucleon scattering, the sign of one these momenta therefore has to be inverted.
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Note that by construction@16#, C1
2→0 asM1→M2 .

The functionsC2
1 andC2

2 only appear in theZ vertex, Eqs.~12!. Moreover, the coefficient in front ofC2
1 vanishes for

s→4mx̃
1
0

2
, while the coefficient in front ofC2

2 vanishes fors→0. We therefore only need to considerC2
1 in the limit

s→0:

C2
1~0,m2,M1 ,M2 ,M3!52E

0

1

dyE
0

y

dx
y2/4

m2y21y~M2
22M3

22m2!1x~M1
22M3

2!1M3
2

5
1

4~M1
22M2

2!
@B2~m

2,M3 ,M2!2B2~m
2,M3 ,M1!#. ~A8!

In the limit M1→M2 , this reduces to

C2
1~0,m2,M ,M ,M3!5 1

4 @B18~m
2,M3 ,M !1B08~m

2,M3 ,M !1C0~0,m
2,M ,M ,M3!#, ~A9!

whereC0(0,m
2,M ,M ,M3) is given in Eq.~A4!, andB08 andB18 are the derivatives ofB0 andB1 with respect to their first

argument.6 Similarly, we needC2
2 only in the limit s→4m2:

C2
2~4m2,m2,M1 ,M2 ,M3!52E

0

1

dyE
0

y

dx
~x2y/2!2

m2~y22x!21y~M2
22M3

22m2!1x~M1
22M2

2!1M3
2

5
1

4D
@B2~m

2,M3 ,M1!1B2~m
2,M3 ,M2!18B3~4m

2,M1 ,M2!22B0~4m
2,M1 ,M2!#,

~A10!

whereD is again given by Eq.~A3!.
Finally, we note that the divergent functionC2

0 that appears in Eqs.~12! can be computed from the general expression gi
in Eq. ~C4! of Ref. @16#, using the results forC0 , C1

1 , andC1
2 collected in this appendix.

6Of course, Eq.~A9! can also be written as derivative ofB2 with respect to itslast argument, since all two- and three-point functions on
depend on the squares of the masses appearing as arguments. However, conventionally one only uses derivatives with respec
argument.
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