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Loop induced Higgs andZ boson couplings to neutralinos and implications for collider and dark
matter searches
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We calculate the one-loop induced couplings of two gaugino-like neutralinos to theZ and Higgs bosons in
the minimal supersymmetric standard model. These couplings, which vanish at the tree level, can be generated
through loops involving fermions and sfermions. We show that, while the neutralino contribution to the
invisible Z boson decay width remains small, the loop induced couplings to the lightest Higgs boson might be
sufficiently large to yield a rate of invisible decays of this Higgs boson that should be detectable at futuree1e2

colliders. We also study the implications of these couplings for direct searches of dark matter and show that
they can modify appreciably the neutralino-nucleon elastic cross section for some parameter range.
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I. INTRODUCTION

The minimal supersymmetric standard model~MSSM! @1#
is at the moment considered to be the most plausible ex
sion of the standard model~SM!. Out of the plethora of new
particles contained in this model the lightest neutralinox̃1

0

plays a special role. It is often the lightest of all superp
ticles ~LSP!, which is absolutely stable ifR parity is con-
served. This means that neutralino LSPs produced at co
ers will be invisible, leading to the famous ‘‘missin
~transverse! momentum’’ signatures for the production of s
perparticles. In particular, a final state consisting of two LS
only would be entirely invisible, so thatx̃1

0x̃1
0 final states can

contribute to the invisible width of theZ or neutral Higgs
bosons. Moreover, if the LSP is stable, we expect some r
LSPs from the big bang era to still exist today, in addition
the well-known relic neutrinos and~microwave! photons. In
fact, it was realized almost twenty years ago thatx̃1

0 is a
good ~cold! dark matter ~DM! candidate@2#. The LSP-
nucleon scattering cross section, which determines the
of the expected signal in direct DM detection experime
@3#, depends on the size of the LSP couplings to theZ and
Higgs bosons; these couplings can also play a role in
calculation of thex̃1

0 relic density. A precise knowledge o
these couplings is therefore important for both collider p
nomenology and cosmology.

The lightest neutralinox̃1
0 couples to theZ boson and to

the MSSM Higgs bosons only if it has a non-vanishi
Higgsino component. On the other hand, most models
dict x̃1

0 to be dominantly a gaugino, in particular, aB-ino- or
photino-like state. Moreover, an LSP with a domina
Higgsino component has a thermal relic density of the
quired magnitude only if its mass is in the TeV range, b
yond the reach of near-future colliders and also beyond
range of masses that is usually considered to be natura
0556-2821/2002/65~7!/075016~15!/$20.00 65 0750
n-

-

d-

s

lic

ze
s

e

-

e-

t
-
-
e
In

contrast, aB-ino-like LSP is a good thermal DM candidat
for masses in the 100 GeV range; masses in this range
more natural, and can be probed at present and near-fu
colliders. Since these gaugino-like states have suppre
tree-level couplings to gauge and Higgs bosons, loop con
butions to these couplings might be significant.

In this paper we compute one-loop corrections to the n
tralino couplings to theZ and Higgs bosons, where we on
consider contributions with fermions and sfermions ins
the loop~the other possible contributions, involving charg
nos, neutralinos and Higgs or gauge bosons, vanish in

B-ino-like limit for the x̃1
0). Our analytical results for thes

corrections, for arbitrary momenta and generalf̃ L- f̃ R

mixing,1 are given in Sec. II. In Sec. III we apply thes
results to compute the loop-corrected invisible branching
tios of Z and Higgs bosons, and in Sec. IV we study t
loop-corrected LSP-nucleon scattering rate and relic den

For the neutralino couplings to Higgs and gauge boso
we found in all cases corrections of up to a factor of 2
reasonable values of the input parameters. The contribu
of B-ino-like LSPs to the invisible decay width of the lighte
MSSM Higgs boson might be measurable at future hig
energy and high-luminositye1e2 colliders, while the contri-
bution to the invisible decay width of theZ boson remains
several orders of magnitude below the present bound. On
other hand, the loop corrections can modify appreciably
LSP-nucleon scattering cross section in some MSSM par
eter range.

1Loop corrections to theZ exchange contribution to theB-ino
annihilation cross section have previously been computed in@4#.

However, in this earlier paperf̃ L- f̃ R mixing has been ignored, an
analytical results are only given for vanishing LSP three-mome
Our numerical results agree qualitatively with theirs.
©2002 The American Physical Society16-1
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II. NEUTRALINO COUPLINGS TO HIGGS
AND Z BOSONS

A. Tree-level couplings

At the tree level, the couplings of the neutralinosx̃ i
0 to the

Z boson are given by the vertex2 @5#

Gm
0 ~Zx̃ i

0x̃ j
0!5 i

g

2cW
gmg5@Ni3Nj 32Ni4Nj 4#[ igZx̃

i
0x̃

j
0

0
gmg5 ,

~1!

while the neutralino couplings to the neutralCP-even Higgs
bosonsf5h,H and to theCP-odd bosonA read@6,7#

G0~fx̃ i
0x̃ j

0!5 i
g

2
@~Ni22tanuWNi1!~dfNj 31efNj 4!1 i↔ j #

[ igfx̃
i
0x̃

j
0

0
; ~2!
he
-
a-
an
he

e

u-

La

07501
G0~Ax̃ i
0x̃ j

0!5
g

2
@~Ni22tanuWNi1!~dANj 31eANj 4!

1 i↔ j #g5[gAx̃
i
0x̃

j
0

0
g5 . ~3!

Here, g5e/sW is the SU~2! gauge coupling withsW
2 51

2cW
2 [sin2 uW. The quantitiesdF ,eF (F5h,H,A) are de-

termined by the ratio tanb of the vacuum expectation value
of the two doublet Higgs fields which are needed to break
electroweak symmetry in the MSSM, and the mixing anglea
in the CP-even neutral Higgs sector:

dH52cosa, dh5sina, dA5sinb,

eH5sina, eh5cosa, eA52cosb. ~4!

N is the matrix which diagonalizes the four dimensional ne
tralino mass matrix:
MN5F M1 0 2mZsWcb mZsWsb

0 M2 mZcWcb 2mZcWsb

2mZsWcb mZcWcb 0 2m

mZsWsb 2mZcWsb 2m 0

G , ~5!
-

auge

ino

be-
where M1 and M2 are the SUSY breaking masses for t
U(1)Y and SU(2)L gauginos,m is the Higgsino mass param
eter, andsb[sinb, etc. This matrix can be diagonalized an
lytically @8#, but the expressions of the neutralino masses
the Ni j matrix elements are rather involved. However, if t
entries in the off-diagonal 232 submatrices in Eq.~5! are
small compared to~differences of! the diagonal entries, on
can expand the eigenvalues in powers ofmZ @9,10#:

mx̃
1
0.M12

mZ
2

m22M1
2 ~M11ms2b!sW

2 ;

mx̃
2
0.M22

mZ
2

m22M2
2 ~M21ms2b!cW

2 ;

~6!

mx̃
3
0.2m2

mZ
2~12s2b!

2 S sW
2

m1M1
1

cW
2

m1M2
D ;

mx̃
4
0.m1

mZ
2~11s2b!

2 S sW
2

m2M1
1

cW
2

m2M2
D .

2We assume that all soft breaking parameters as well asm are real,
i.e. conserveCP. We can then work with a real, orthogonal ne
tralino mixing matrix N if we allow the eigenvaluesmx̃

i
0 to be

negative. Note also that the vertex factorsG given in the text are 2i
times the coefficients of the relevant terms in the interaction
grangian.
d

In this analysis, we are interested in the situationumu
.M1 ,M2 andm2@mZ

2 . In this case the lighter two neutrali
nos will be gaugino-like. IfuM1u,uM2u, which is the case if
gaugino masses unify at the same scale where the g
couplings appear to meet@11#, the lightest state will be
B-ino-like, and the next-to-lightest state will beW-ino-like.
The two heaviest states will be dominated by their Higgs
components.3 The eigenvectors of the mass matrix~5! can
also be expanded in powers ofmZ . We find, for theB-ino–
like state@9,10#,

N115@11~N12/N11!
21~N13/N11!

21~N14/N11!
2#21/2;

N12

N11
5

mZ
2sWcW

m22M1
2

s2bm1M1

M12M2
1O~mZ

3!;

~7!

N13

N11
5mZsW

sbm1cbM1

m22M1
2

1O~mZ
2!;

N14

N11
52mZsW

cbm1sbM1

m22M1
2

1O~mZ
2!.

The corresponding expressions for theW-ino-like state read

- 3Loop corrections can significantly change the mass splitting
tween the two Higgsino-like states@12,13#.
6-2
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N225@11~N21/N22!
21~N23/N22!

21~N24/N22!
2#21/2;

N21

N22
5

mZ
2sWcW

m22M2
2

s2bm1M2

M22M1
1O~mZ

3!;

~8!

N23

N22
52mZcW

sbm1cbM2

m22M2
2

1O~mZ
2!;

N24

N22
5mZcW

cbm1sbM2

m22M2
2

1O~mZ
2!.

Note that the Higgsino components of the gaugino-like sta
start atO(mZ), whereas the masses of these states dev
from their umu→` limit ( M1 andM2) only at O(mZ

2).
Inserting Eqs.~7! into Eq. ~1! one sees that the couplin

of the LSP neutralinos to theZ boson only occurs at orde
mZ

2 , while Eqs.~2! and ~3! show that the LSP couplings t
the Higgs bosonsF5h,H,A already receive contributions a
O(mZ):

g0~Zx̃1
0x̃1

0!;N13
2 2N14

2 ;2sW
2 c2b

mZ
2

m22M1
2

;

g0~Fx̃1
0x̃1

0!;dFN131eFN14

;sWmZF ~dFsb2eFcb!m

m22M1
2

1
~dFcb2eFsb!M1

m22M1
2 G , ~9!

Similar expressions can be given for the couplings of
W-ino-like state. This suppression of the tree-level couplin
follows from the fact that, in the neutralino sector, theZ only
couples to two Higgsino current eigenstates while a Hig
boson couples to one Higgsino and one gaugino cur
eigenstate, together with the fact that mixing between cur
eigenstates is suppressed ifumu@mZ . Both kinds of cou-
plings thusvanishas umu→`.

The situation in the chargino sector is somewhat simila
what has been discussed so far. The diagonalization of
chargino mass matrix

MC5F M2 A2mWsb

A2mWcb m
G ~10!

leads, when expanded in powers ofmW , to the two chargino
masses:

mx̃
1
6.M22

mW
2

m22M2
2 ~M21ms2b!.mx̃

2
0,
07501
s
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o
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mx̃
2
6.m1

mW
2

m22M2
2 ~M2s2b1m!, ~11!

so that for umu→`, the lightest chargino corresponds to
pureW-ino state while the heavier chargino corresponds t
pure Higgsino state. The couplings of the neutral Hig
bosons to chargino pairsg0(Fx̃ i

6x̃ i
7) are suppressed in thi

limit, and only the couplingsg0(Fx̃1
6x̃2

7) survive. More-
over, neither theW nor the charged Higgs bosons couple t
LSP to the lighter chargino in this limit,g0(H6x̃1

0x̃1
7)

;O(mW /m), g0(W6x̃1
0x̃1

7);O(mW
2 /m2).

However, theZ boson does have full-strength couplings
pairs of charginosx̃ i

6x̃ i
7 , and CERNe1e2 collider LEP2

limits imply that even the lighter chargino is too heavy to
produced in the decay of the lighter neutral Higgs bosonh.
Moreover, the heavy Higgs bosons can always undergo
suppressed decays into at least some SM fermions; in
decays involvingb-quarks are usually enhanced at lar
tanb. We therefore do not expect heavy Higgs decays i
modes that vanish forumu→` to be significant even afte
loop corrections have been applied. For these reasons
will not discuss the chargino sector any further in this pap

B. One-loop induced couplings

At the one-loop level, the couplings of the lightest ne
tralinos to theZ and Higgs bosons can be generated, in pr
ciple, by diagrams with the exchange of either sfermions a
fermions, or of charginos or neutralinos together with gau
or Higgs bosons, in the loop. However, the latter class
diagrams can contribute to the couplings of Higgs boson
neutralinos only if one of the particles in the loop is
Higgsino. Similarly, these gauge-Higgs loops will contribu
to the coupling ofB-ino-like LSPs to theZ boson only if at
least one particle in the loop is a Higgsino-like state. The
loop contributions will thus be suppressed by inverse pow
of umu, in addition to the usual loop suppression factor. W
therefore do not expect them to be able to compete with
tree-level couplings that exist for finiteumu, see Eq.~9!.4

We thus only consider diagrams with fermions and sf
mions in the loop, as shown in Fig. 1. In the case of t
Zx̃1

0x̃1
0 coupling, all three generations of matter particles w

be involved since they have full gauge coupling strength
the case of theFx̃1

0x̃1
0 couplings, only the third generatio

~s!particles, which have large Yukawa couplings, can g
significant contributions to the amplitudes. Note that in t
B-ino limit there is no wave function renormalization to pe

4Loops containing charged gauge bosons and gauginos only

contribute to theZx̃1
0x̃1

0 coupling if x̃1
0 is W-ino-like. However,

these contributions are separately gauge invariant only if theZ bo-
son is on-shell. Since in this scenariomx̃

1
6.mx̃

1
0, LEP searches

imply that x̃1
0 is too heavy to be produced in the decays of on-sh

Z bosons. If theZ boson is off-shell, box-diagrams with two
charged gauge bosons in the loop have to be added to obta
gauge-invariant result.
6-3
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form, since the tree-level couplings are zero. Off-diago
wave function renormalization diagrams could convert o
of the gaugino-like neutralinos into a Higgsino-like state, b
this kind of contribution is again suppressed by 1/umu, and
can thus not compete with the tree-level coupling. In case
the Z coupling, both external gauginos would have to
converted to Higgsino-like states, which is obviously on
possible at the two-loop level.

We have calculated the contributions of these diagra
for arbitrary momentum square of the Higgs andZ bosons,
finite masses for the internal fermions and sfermions as w
as for the external LSP neutralinos, and taking into acco
the full mixing in the sfermion sector. The amplitudes a
ultraviolet finite as it should be. The contributions from di
grams ~a! and ~b! to the Fx̃1

0x̃1
0 couplings are separatel

finite for each fermion species.5 The Zx̃1
0x̃1

0 couplings are

FIG. 1. The Feynman diagrams contributing to the one-lo
couplings of the lightest neutralinos to theZ andF5h,H,A Higgs
bosons. Diagrams with crossed neutralino lines have to be add
07501
l
e
t

of

s
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nt

finite once contributions from both sfermion mass eige
states of a given flavor and from both diagrams in Fig. 1
added; diagrams~a! and ~b! are separately finite after sum
mation over a complete generation of~s!fermions. We have
performed the calculation in the dimensional reducti
scheme@14#; since the one-loop couplings are finite and
not require any renormalization, the same result is obtai
using the dimensional regularization scheme@15#, once the
contributions from a complete SU~2! doublet have been
added.6 The results are given below for a general gaug
(umu@M1 ,M2, for arbitrary ordering ofM1 andM2).

The one-loop inducedZ boson vertex to a pair of lightes
neutralinos is given by (p1 is an incoming,p2 an outgoing
momentum!

Gm
1 ~Zx̃1

0x̃1
0!5

i

4p2

g

cW
H gmg5(

f
Nc

( f )da
( f )

1~p12p2!mg5(
f

Nc
( f )dp

( f )J
[ igZx̃

1
0x̃

1
0

1
gmg51 igZx̃

1
0x̃

1
0

p
~p12p2!mg5 ,

~12!

with the color factorsNc
( f ) , and

p

d.
propor-
ons and
da
( f )5~af1v fc2u f̃

!v1@2mf
2C0~ f̃ 1!2mx̃

1
0

2
C0~ f̃ 2!14mx̃

1
0

2
C1

1~ f̃ 2!22~mx̃
1
0

2
1p1•p2!C2

1~ f̃ 2!

22~mx̃
1
0

2
2p1•p2!C2

2~ f̃ 2!22C2
0~ f̃ 2!#1~af2v fc2u f̃

!v1

3@2mf
2C0~ f̃ 2!2mx̃

1
0

2
C0~ f̃ 1!14mx̃

1
0

2
C1

1~ f̃ 1!22~mx̃
1
0

2
1p1•p2!C2

1~ f̃ 1!22~mx̃
1
0

2
2p1•p2!C2

2~ f̃ 1!22C2
0~ f̃ 1!#

12mfmx̃
1
0afs2u f̃

~v11v3!@C0~ f̃ 1!2C0~ f̃ 2!22C1
1~ f̃ 1!12C1

1~ f̃ 2!#2~af1v f !v2mf
2@C0~ f̃ 1!cu f̃

2 1C0~ f̃ 2!su f̃

2 #1~af

2v f !v2$cu f̃

2 @2mx̃
1
0

2
C0~ f̃ 1!14mx̃

1
0

2
C1

1~ f̃ 1!22C2
0~ f̃ 1!22~mx̃

1
0

2
1p1•p2!C2

1~ f̃ 1!22~mx̃
1
0

2
2p1•p2!C2

2~ f̃ 1!#

1su f̃

2 @2mx̃
1
0

2
C0~ f̃ 2!14mx̃

1
0

2
C1

1~ f̃ 2!22C2
0~ f̃ 2!22~mx̃

1
0

2
1p1•p2!C2

1~ f̃ 2!22~mx̃
1
0

2
2p1•p2!C2

2~ f̃ 2!#%

2c2u f̃
v1@ f Z f̃1 f̃ 1

C2
0~ f̃ 1 , f̃ 1!2 f Z f̃2 f̃ 2

C2
0~ f̃ 2 , f̃ 2!#2v2@cu f̃

2 f Z f̃1 f̃ 1
C2

0~ f̃ 1 , f̃ 1!1su f̃

2 f Z f̃2 f̃ 2
C2

0~ f̃ 2 , f̃ 2!#

1s2u f̃
~2v11v2! f Z f̃1 f̃ 2

C2
0~ f̃ 1 , f̃ 2!; ~13!

dp
( f )5~af1v fc2u f̃

!2mx̃
1
0v1@C1

1~ f̃ 2!22C2
2~ f̃ 2!#1~af2v fc2u f̃

!2mx̃
1
0v1@C1

1~ f̃ 1!22C2
2~ f̃ 1!#12afs2u f̃

~v11v3!mf

@2C1
1~ f̃ 1!1C1

1~ f̃ 2!#12~af2v f !v2mx̃
1
0$cu f̃

2 @C1
1~ f̃ 1!22C2

2~ f̃ 1!#1su f̃

2 @C1
1~ f̃ 2!22C2

2~ f̃ 2!#%

12c2u f̃
v1mx̃

1
0@ f Z f̃1 f̃ 1

C2
2~ f̃ 1 , f̃ 1!2 f Z f̃2 f̃ 2

C2
2~ f̃ 2 , f̃ 2!#12v2mx̃

1
0@cu f̃

2 f Z f̃1 f̃ 1
C2

2~ f̃ 1 , f̃ 1!1su f̃

2 f Z f̃2 f̃ 2
C2

2~ f̃ 2 , f̃ 2!#

12 f Z f̃1 f̃ 2
@~v11v3!mfC1

2~ f̃ 1 , f̃ 2!2s2u f̃
~2v11v2!mx̃

1
0C2

2~ f̃ 1 , f̃ 2!#. ~14!

5The contribution of diagram a! is finite only after summation over both sfermion mass eigenstates.
6In the modified minimal subtractionMS scheme the contribution from a given fermion species contains mass-independent terms

tional to some combinations ofZ f f couplings. These constant terms add to zero when summed over a complete generation of fermi
sfermions.
6-4
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Here we have used the notation

v f52
1

2
I 3

f 1sW
2 Qf , af5

1

2
I 3

f ,

v05~gQfN11 tanuW!2, v15
1

2
v0 ,

~15!

v25
I 3

f

2Qf
v0F221

I 3
f

Qf
12S 12

I 3
f

Qf
D N12

N11 tanuW

1
I 3

f

Qf
S N12

N11 tanuW
D 2G ,

v35
I 3

f

2Qf
v0S N12

N11 tanuW
21D .

The Z boson couplings to sfermions are given by:

f Z f̃1 f̃ 1
522I 3

f cu f̃

2 12QfsW
2 , f Z f̃2 f̃ 2

522I 3
f su f̃

2 12QfsW
2 ,

f Z f̃1 f̃ 2
5I 3

f s2u f̃
. ~16!
07501
The angleu f̃ is the mixing angle arising from the diagona
ization of the sfermion mass matrices@compare Eq.~24! be-
low# andsu f̃

2 512cu f̃

2 [sin2 u f̃ . Qf and I 3
f denote the electric

charge and weak isospin of the fermionf, respectively. The
Passarino-Veltman three-point functions@16#, defined as

C0,1,2
0,1,2~ f̃ ![C0,1,2

0,1,2~q2,mx̃
1
0

2
,mf

2 ,mf
2 ,mf̃

2
!;

~17!
C0,1,2

0,1,2~ f̃ 1 , f̃ 2![C0,1,2
0,1,2~q2,mx̃

1
0

2
,mf̃ 1

2 ,mf̃ 2

2 ,mf
2!,

with q the momentum of the Higgs orZ boson, can be found
in Ref. @13#.7

In the same notation, the one-loop Higgs boson coupli
to the LSP neutralinos in the bino limit are given by:

G1~fx̃1
0x̃1

0!5
ig

4p2 F(
f

Ncdf
( f )G[ igfx̃

1
0x̃

1
0

1

~18!

G1~Ax̃1
0x̃1

0!5
g

4p2
g5F(

f
NcdA

( f )G[gAx̃
1
0x̃

1
0

1
g5

where
these

cussed in
df
( f )5

mfgf f f

2mW
$s2u f̃

~v11v3!@2~mf̃ 1

2
1mf

21mx̃
1
0

2
!C0~ f̃ 1!14mx̃

1
0

2
C1

1~ f̃ 1!1~mf̃ 2

2
1mf

21mx̃
1
0

2
!C0~ f̃ 2!24mx̃

1
0

2
C1

1~ f̃ 2!#

12~v11v2cu f̃

2 !mfmx̃
1
0@C0~ f̃ 1!22C1

1~ f̃ 1!#12~v11v2su f̃

2 !mfmx̃
1
0@C0~ f̃ 2!22C1

1~ f̃ 2!#%

2Cf f̃ 1 f̃ 1
$2s2u f̃

~v11v3!mfC0~ f̃ 1 , f̃ 1!12~v11v2cu f̃

2 !mx̃
1
0C1

1~ f̃ 1 , f̃ 1!%

2Cf f̃ 2 f̃ 2
$s2u f̃

~v11v3!mfC0~ f̃ 2 , f̃ 2!12~v11v2su f̃

2 !mx̃
1
0C1

1~ f̃ 2 , f̃ 2!%

2Cf f̃ 1 f̃ 2
$22c2u f̃

~v11v3!mfC0~ f̃ 1 , f̃ 2!22s2u f̃
v2mx̃

1
0C1

1~ f̃ 1 , f̃ 2!%; ~19!

dA
( f )5

mfgA f f

2mW
$~v11v3!s2u f̃

@~mf̃ 1

2
2mf

22mx̃
1
0

2
!C0~ f̃ 1!2~mf̃ 2

2
2mf

22mx̃
1
0

2
!C0~ f̃ 2!#12~v11v2cu f̃

2 !mx̃
1
0mfC0~ f̃ 1!

12~v11v2su f̃

2 !mx̃
1
0mfC0~ f̃ 2!%1CA f̃1 f̃ 2

$22mf~v11v3!C0~ f̃ 1 , f̃ 2!12mx̃
1
0~2v11v2!s2u f̃

C1
2~ f̃ 1 , f̃ 2!%. ~20!

The Higgs-fermion-fermion coupling constants are given by

ghuu5
cosa

sinb
, ghdd5

2sina

cosb
,

gHuu5
sina

sinb
, gHdd5

cosa

cosb
, ~21!

gAuu5cotb, gAdd5tanb,

while the Higgs-sfermion-sfermion coupling constants read

7Some care has to be taken ifq2→0 or q254mx̃
1
0

2 , since standard expressions for the loop functions contain spurious divergences in

kinematical situations, which are characteristic for LSP-nucleus scattering and LSP annihilation, respectively. This problem is dis
the Appendix of Ref.@13#.
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Chũ1ũ1
5

mZ

cW
sb1a@ I 3

ucu ũ

2 2QusW
2 c2u ũ

#

2
mu

2ghuu

mW
2

mus2u ũ

2mW
@Aughuu1mgHuu#; ~22!

Chũ2ũ2
5

mZ

cW
sb1a@ I 3

usu ũ

2 1QusW
2 c2u ũ

#2
mu

2ghuu

mW

1
mus2u ũ

2mW
@Aughuu1mgHuu#;

Chũ1ũ2
5

mZ

cW
sb1a@QusW

2 2I 3
u/2#s2u ũ

2
mu

2mW
@Aughuu1mgHuu#c2u ũ

;

Chd̃1d̃1
5

mZ

cW
sb1a@ I 3

dcu d̃

2 2QdsW
2 c2u d̃

#2
md

2ghdd

mW

2
mds2u d̃

2mW
@Adghdd2mgHdd#;

Chd̃2d̃2
5

mZ

cW
sb1a@ I 3

dsu d̃

2 1QdsW
2 c2u d̃

#2
md

2ghdd

mW

1
mds2u d̃

2mW
@Adghdd2mgHdd#;

Chd̃1d̃2
5

mZ

cW
sb1a@QdsW

2 2I 3
d/2#s2u d̃

2
md

2mW
@Adghdd

2mgHdd#c2u d̃
;

CHũ1ũ1
52

mZ

cW
cb1a@ I 3

ucu ũ

2 2QusW
2 c2u ũ

#2
mu

2gHuu

mW

2
mus2u ũ

2mW
@AugHuu2mghuu#;

CHũ2ũ2
52

mZ

cW
cb1a@ I 3

usu ũ

2 1QusW
2 c2u ũ

#2
mu

2gHuu

mW

1
mus2u ũ

2mW
@AugHuu2mghuu#;

CHũ1ũ2
52

mZ

cW
cb1a@QusW

2 2I 3
u/2#s2u ũ

2
mu

2mW
@AugHuu2mghuu#c2u ũ

;

07501
CHd̃1d̃1
52

mZ

cW
cb1a@ I 3

dcu d̃

2 2QdsW
2 c2u d̃

#2
md

2gHdd

mW

2
mds2u d̃

2mW
@AdgHdd1mghdd#;

CHd̃2d̃2
52

mZ

cW
cb1a@ I 3

dsu d̃

2 1QdsW
2 c2u d̃

#2
md

2gHdd

mW

1
mds2u d̃

2mW
@AdgHdd1mghdd#;

CHd̃1d̃2
52

mZ

cW
cb1a@QdsW

2 2I 3
d/2#s2u d̃

2
md

2mW
@AdgHdd1mghdd#c2u d̃

;

CAũ1ũ2
5

mu

2mW
~Au cotb1m!;

CAd̃1d̃2
5

md

2mW
~Ad tanb1m!.

We use the following convention for the sfermion ma
matrices:

M f̃
2
5S mf

21mLL
2

mfÃf

mfÃf mf
21mRR

2 D ,

with

mLL
2 5mf̃ L

2
1~ I 3

f 2QfsW
2 !mZ

2c2b

mRR
2 5mf̃ R

2
1QfsW

2 mZ
2c2b

Ãf5Af2m~ tanb!22I 3
f
.

~23!

They are diagonalized by 232 rotation matrices describe
by the anglesu f̃ , which turn the current eigenstates,f̃ L and
f̃ R , into the mass eigenstatesf̃ 1 and f̃ 2; the mixing angle and
sfermion masses are then given by

s2u f̃
5

2mfÃf

mf̃ 1

2
2mf̃ 2

2 , c2u f̃
5

mLL
2 2mRR

2

mf̃ 1

2
2mf̃ 2

2 , ~24!

mf̃ 1,2

2
5mf

21
1

2
@mLL

2 1mRR
2

7A~mLL
2 2mRR

2 !214mf
2Ãf

2#. ~25!
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FIG. 2. TheZ boson axial vector coupling~left! and branching ratio~right! to pairs of the lightest neutralino as functions of the comm
slepton mass. The dashed lines show the tree-level results; the solid line in the left frame shows the real part of the one-loop contri
~12! to the axial vector coupling, while the solid line in the right frame shows the total loop-corrected branching ratio Eq.~26!. These results
are given for tanb515,m51 TeV, mq̃52ml̃ , At52.9mq̃ and gaugino massesM1530 GeV, M25120 GeV.
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III. HIGGS AND Z BOSON DECAYS

A. Invisible decays of theZ boson

The tree level and the one-loop induced axial vector c
plings of theZ boson tox̃1

0 pairs are shown in Fig. 2~a! for
the input values tanb515 andm51 TeV. We work in an
unconstrained model with non-universal boundary conditi
for the gaugino mass parameters at the high energy sc8

and set theB-ino and W-ino mass parameters toM1
530 GeV andM25120 GeV, respectively. For definitene
we assume a common soft SUSY breaking scalar mass
the three generations of sleptons,mẽL

5mẽR
[ml̃ , and a

common mass term for the squarksmq̃L
5mũR

5md̃R
[mq̃ ,

with mq̃52ml̃ . For the trilinear coupling, which will play a
role mainly in the stop sector, we choose the valueAt

52.9mq̃ . The trilinear couplings in thed̃-squark and slepton
sectors, which are not important here, have been set to z

The tree-level couplinggZx̃
1
0x̃

1
0

0
is very small if x̃1

0 is

B-ino-like, being ofO(mZ
2/m2). As can be seen from Fig

2~a!, it is less than 1023 for the chosen parameters~and of
course does not depend on slepton and squark masses!. The
real part of the one-loop induced coupling,gZx̃

1
0x̃

1
0

1
, for on-

shell Z bosons ~i.e. with q25mZ
2) receives contributions

from both massless and massive SM fermions and their
perpartners. In the former case the real part has an ‘‘accid

8In models with universal gaugino masses at the grand uni
theory ~GUT! scale, the bound on the lightest chargino mass fr
negative searches at LEP2,mx̃

1
6*104 GeV@17,18#, will constrain a

B-ino-like neutralino to have a mass larger thanmZ/2; the decay

Z→x̃1
0x̃1

0 would then be kinematically closed.
07501
-

s
e,

or

ro.

u-
n-

tal’’ zero for sfermion masses slightly above theZ mass; this
happens e.g. for the~s!neutrino contribution at mñ

.94 GeV.9 The real part of this contribution is positiv
~negative! for smaller~larger! sneutrino masses; its absolu
value reaches a maximum atmñ.155 GeV. No such zero
occurs for the imaginary parts. Moreover, the~s!top loop
contribution is much larger than that from the oth
~s!quarks, even if the stop masses are not reduced sig
cantly compared to the other squark masses. When comb
with the ‘‘accidental’’ suppression of the~s!lepton contribu-
tion for slepton masses close to their present lower exp
mental bound, this implies that the dominant contribution
the real part of this coupling usually comes from~s!top
loops. Of course, these loops cannot contribute to the im
nary part, which receives its dominant contribution fro
~s!lepton loops. For large masses, sparticles decouple and
loop correction to the coupling vanishes asymptotically.

The partial decay width for the decay of aZ boson into a
pair of LSP neutralinos is given by:

G~Z→x̃1
0x̃1

0!5
bZ

3mZ

24p
ugZx̃

1
0x̃

1
0

0
1gZx̃

1
0x̃

1
0

1 u2, ~26!

wherebZ5(124mx̃
1
0

2
/mZ

2)1/2 is the velocity of the neutrali-

nos in the rest frame of theZ boson. In the usual perturbativ
expansion the one-loop correction to a decay width or

d 9This statement holds, strictly speaking, only in theMS scheme,
where the contribution from each~s!fermion species decouple
separately whenmf̃→`. In the dimensional reduction (DR)
scheme decoupling only occurs after summation over a comp
generation.
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nates from the interference of tree-level diagrams with
real parts of the corresponding one-loop diagrams. Howe
in our case the tree-level decay width will vanish in the lim
umu→`. In this limit the one-loop diagrams represent t
leading order contributions. We therefore also include
squared one-loop contribution in Eq.~26!. However, for
umu&1 TeV the numerically most important correction to t
tree-level result usually still comes from the interference
tween the tree level and the real part of the one-loop c
plings. Note finally that the derivative couplinggZx̃

1
0x̃

1
0

p
of Eq.

~12! does not contribute to the decay width of realZ bosons,
since the product of theZ polarization vector with the sum o
the outgoing LSP momenta vanishes.

The Z decay branching ratio, BR(Z→x̃1
0x̃1

0)5G(Z

→x̃1
0x̃1

0)/GZ
tot with GZ

tot52.5 GeV, is shown in Fig. 2~b!. In
the Born approximation, the branching ratio is very sm
;131027. It can be enhanced by the loop contribution by
factor of *2 in the low slepton mass range. However, t
branching fraction is still well below the experimental lim
on the invisibleZ boson decay width@17#,

DGZ
invuexp.61.5 MeV, ~27!

which would require a branching ratio in the permille ran
for detection. One can find scenarios with somewhat lar
loop corrections than shown in Fig. 2, if parameters are c
sen such that all slepton masses are near 150 GeV. How
even in this case we are still more than three orders of m
nitude below the experimental limit~27!. Of course theZ
partial decay width intox̃1

0 pairs can be enhanced to a d
tectable level for lower values of the parameterm. However,
in this case the one-loop corrections~which remain more or
less the same! would be relatively less important than fo
large umu.

B. Invisible decays of the Higgs bosons

The real part of the coupling of an on-shell lightesth

boson to ax̃1
0 pair is displayed, at the Born and one-loo

level, in the left-hand frames of Fig. 3. It is again shown a
function of the sfermion masses, for tanb515, m51 TeV
and pseudoscalar mass input valuesMA5200 GeV ~upper
frames! and 1 TeV~lower frames!. We see that the tree-leve
couplingghx̃

1
0x̃1

0
is typically a factor of 3 larger than the co

responding couplinggZx̃
1
0x̃

1
0

0
of the Z boson. This can be un

derstood from Eqs.~1!, ~2! and~7!. In the ‘‘decoupling’’ limit
MA

2@mZ
2 the neutral Higgs mixing anglea satisfiessa5

2cb , ca5sb . In this limit the ratio of tree-levelZx̃1
0x̃1

0 and

hx̃1
0x̃1

0 couplings becomes2mZ cot 2b/(2m); for the given
choice of parameters this amounts to about 0.3, in g
agreement with Figs. 2 and 3. On the other hand, for sm
sfermion masses the one-loop corrections to thehx̃1

0x̃1
0 cou-

pling exceedgZx̃
1
0x̃

1
0

1
by more than an order of magnitud

The corrections to theZ coupling toB-ino-like neutralinos
only involve electroweak gauge couplings. In contrast,
07501
e
r,

e

-
-

,

er
-
er,
g-

a

d
ll

p

quarks couple withO(1) Yukawa coupling to the Higgs
bosons, and for the given choice of largeuAtu the~dimension-
ful! h t̃1 t̃ 1 coupling significantly exceeds thet̃ 1 mass. More-
over, due tot̃ L- t̃ R mixing the lighter t̃ mass eigenstate i
often not only lighter than the other squarks, but also ligh
than the sleptons. As a result, the loop corrections are
merically evenmoreimportant in case of the Higgs coupling
even though the tree-level contribution to this coupling
nominally only suppressed by one power ofumu. If uAtu is
large, as in the present example, the loop corrections to
hx̃1

0x̃1
0 coupling can even exceed the tree-level contributi

The variation of the one-loop contribution to the couplin
is again mostly due to the natural decrease with increas
masses of the sfermions running in the loop, which decou
when they are much heavier than theh boson. Formq̃
.420 GeV~i.e. ml̃ .210 GeV),mt̃ 1

is near its experimenta

lower bound of;100 GeV, due to strongt̃ L- t̃ R mixing. This
implies thatmt̃ 1

will grow faster than linearly with increas

ing mq̃ , which explains the very rapid decrease of the lo
corrections. However, there is also a variation of the tr
level coupling forMA5200 GeV which, at first sight, is as
tonishing. It is caused by the variation of the mixing anglea
in the CP-even Higgs sector, and to a lesser extent by
variation of Mh , due to the strong dependence of cruc
loop corrections in theCP-even Higgs sector on the sto
masses.10 In fact, for the set of input parameters withMA
5200 GeV at small slepton masses, we are in the reg
where sina, which appears in thehx̃1

0x̃1
0 coupling ~and

which enters thehbb̄ coupling as will be discussed later!,
varies very quickly. This ‘‘pathological’’ region, where th
phenomenology of the MSSM Higgs bosons is drastica
affected, has been discussed in several places in the litera
@19#.

The partial widths for the decays ofCP-even Higgs
bosons,f5h,H, into pairs of identical neutralinos are give
by @20#:

G~f→x̃1
0x̃1

0!5
bf

3 Mf

16p
ugfx̃

1
0x̃

1
0

0
1gfx̃

1
0x̃

1
0

1 u2. ~28!

The branching ratios for the decays of the lightesth boson
are shown in the right-hand frames of Fig. 3 for the sa
choice of parameters previously discussed. They have b
calculated by implementing the one-loop Higgs couplings
neutralinos in theFORTRAN codeHDECAY @21# which calcu-
lates all possible decays of the MSSM Higgs bosons
where all important corrections in the Higgs sector, in bo
the spectrum and the various decay widths, are included.
see that the situation is completely different from the case
the decayZ→x̃1

0x̃1
0: the branching ratio BR(h→x̃1

0x̃1
0) can

already exceed the one permille level with tree-level co
plings. This enhancement is not only due to the largerghx̃

1
0x̃

1
0

10We remind the reader that LEP Higgs searches would co
pletely exclude the MSSM in the absence of these corrections.
6-8
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FIG. 3. The lightesth boson couplings~left! and branching ratios~right! to pairs of the lightest neutralinos as functions of the comm
slepton mass. Most parameters are as in Fig. 2, and we tookMA5200 GeV~top! and 1 TeV~bottom!.
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couplings compared togZx̃
1
0x̃

1
0, but also due to the much

smallerh total decay width.11 Gh
tot; a few MeV, compared to

GZ
tot.2.5 GeV. After including the one-loop corrections, th

branching fraction BR(h→x̃1
0x̃1

0) can be enhanced to reac
the level of a few percent.

The branching ratio is especially enhanced if the usu
dominant decay intobb̄ pairs is suppressed, i.e. ifusinau is
very small; recall that thehbb̄ coupling is}sina/cosb. In
our examples this happens forMA5200 GeV and ml̃

11For the choice of parameters in Fig. 3 the total decay width oh
is similar to, or even smaller than, that of the standard model Hi
boson with equal mass.
07501
y

.250 GeV. In this caseghx̃
1
0x̃

1
0

0
is only about half as large a

in the decoupling limitMA→`, but the loop contribution to
this coupling is still sizable for this value of the sfermio
masses, and has the same sign as the tree-level coup
leading to a quite large total coupling. The branching ra
falls off quickly for smaller sfermion masses, since here sia
becomes sizable ~and positive!. Moreover, for ml̃

.210 GeV the tree-level and one-loop contributions to
couplings have opposite sign. The branching ratio also
creases whenml̃ is raised above 250 GeV, albeit somewh
more slowly; here the rapid decrease of the loop contribut
is compensated by the increase of the tree-level coupl
which however does not suffice to compensate the simu
neous increase of sin2 a.
s

6-9
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FIG. 4. The lightesth boson couplings~left! and branching ratios~right! to pairs of the lightest neutralinos as functions ofM1. The
parameters are as in Fig. 2 withml̃ 5250 GeV andMA5200 GeV.
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Figure 4 shows the dependence of thehx̃1
0x̃1

0 coupling
and of the correspondingh branching ratio on the mass of th
LSP,mx̃

1
0.M1. We see that the tree-level contribution to th

coupling depends essentially linearly on the LSP mass. Eq
tions ~2! and ~7! show that, for the given scenario whe
ca.sb.1, this linear dependence onM1 originates from
N14, where the contribution withM1 in the numerator is
enhanced by a factor of tanb relative to the contribution
with m in the numerator. Therefore the contribution}M1 is
not negligible even though in Fig. 4 we haveM1!umu. On
the other hand, the one-loop contribution to this coupl
depends only very weakly onM1. The small increase of this
contribution shown in Fig. 4 is mostly due to the explicitmx̃

1
0

dependence of the loop coupling~19!; the change ofN12
with increasingM1, as described by Eq.~7!, plays a less
important role. The increase of the total coupling with i
creasingM1 nevertheless remains significant. However,
right panel in Fig. 4 shows that formx̃

1
0*15 GeV this in-

crease of the coupling is over compensated by the decr
of the b3 threshold factor in the expression~28! for the h
partial width.

Once one-loop corrections are included, for certain val
of the MSSM parameters the branching ratio for invisibleh
boson decays can thus reach the level of several percent
if x̃1

0 is an almost purelyB-ino. This would make the detec
tion of these decays possible at the next generation ofe1e2

linear colliders. At such a collider it will be possible to iso
late e1e2→Zh production followed byZ→ l 1l 2 decays (l
5e or m) independentof the h decay mode, simply by
studying the distribution of the mass recoiling against
l 1l 2 pair. This allows accurate measurements of the vari
h decay branching ratios, including the one for invisible d
cays, with an error that is essentially determined by the av
able statistics@22#. Since a collider operating atAs;300 to
07501
a-

g

e

se

s

ven

e
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il-

500 GeV should produce;105 Zh pairs per year ifusin(a
2b)u.1 one should be able to measure an invisible bran
ing ratio of about 3% with a relative statistical uncertainty
about 2%.

We now turn to the heavier MSSM Higgs bosonsH and
A. The couplings to the lightest neutralinos are shown in F
5 for the same input parameters as in Fig. 2. As can be s
up to a relative minus sign, the tree-level couplings of the
two Higgs bosons are approximately the same since we
in the decoupling regime wheredA.2dH , andeA.eH with
ueAu!1, see Eq.~4!. Equations~2!–~4! and ~7! also show
that the tree-level couplings of the heavy Higgs bosons
ceed that of the light Higgs bosonh by a factor tanb/2
@ignoring contributions to Eqs.~7! with M1 in the numera-
tor#. On the other hand, the loop corrections are smalle
case of the heavy Higgs bosons. The corrections to
Hx̃1

0x̃1
0 coupling are reduced by about a factor of 2 compa

to the corrections to thehx̃1
0x̃1

0 coupling, mostly due to the

relatively smaller coupling tot̃ 1 pairs, see Eqs.~22!. The
corrections to theAx̃1

0x̃1
0 coupling are even smaller, since th

CP-odd Higgs bosonA cannot couple to two identica
squarks. The contribution with twot̃ 1 squarks and one top
quark in the loop, which dominates the corrections to
couplings of theCP-even Higgs bosons for smallml̃ , does
therefore not exist in case of theA boson. As a result, the
corrections to the coupling ofA are not only smaller, but also
depend less strongly onml̃ ; recall that for our choice of
parametersmt̃ 1

increases very quickly asml̃ is increased

from its lowest allowed value of;210 GeV, which comes
from the requirementmt̃ 1

>100 GeV. Note also that theHtt

andAtt couplings are suppressed by a factor cotb relative to
the htt coupling, see Eqs.~21!; this becomes important fo
large squark masses, where the contributions from Fig. 1~b!
6-10
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FIG. 5. The heavierCP-even Higgs bosonH ~upper plots! and the pseudoscalarA boson~lower plots! couplings~left! and branching
ratios ~right! to pairs of the lightest neutralinos as functions of the common slepton mass. The parameters are as in Fig. 2.
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are relatively less important. Altogether we thus see that
one-loop corrections are much less important for the he
Higgs bosons. Note also that for the given set of parame
they tend toreducethe absolute size of these couplings.

The partial decay widthG(H→x̃1
0x̃1

0) of the CP-even
Higgs bosonH is given by Eq.~28! with f5H. Due to the
different CP nature of the pseudoscalar Higgs bosonA, the
expression for its partial decay width differs slightly; it
given by

G~A→x̃1
0x̃1

0!5
bAMA

16p
ugAx̃

1
0x̃

1
0

0
1gAx̃

1
0x̃

1
0

1 u2. ~29!

Again, because in the decoupling regime theCP-even H
boson and the pseudoscalarA boson have almost the sam
couplings to standard model particles and to the neutral
07501
e
y
rs

s

~at the tree level!, their branching ratios are approximate
the same. The one-loop contributions decrease the branc
ratios by at most;10 to 40%. Note that the total deca
widths of the A and H bosons are strongly enhanced b
tan2 b factors@G(H,A→bb̄)}mb

2gA,Hbb
2 #. This overcompen-

sates the increase of their couplings to neutralinos, so
their branching ratios intox̃1

0 pairs are far smaller than tha
of the light Higgs bosonh, remaining below the 1 permille
level over the entire parameter range shown. Moreover,
cross section for the production of heavy Higgs bosons
e1e2 colliders is dominated by associatedHA production,
which has a much less clean signature thanZh production
does. Branching ratios of the size shown in Fig. 5 will the
fore not be measurable ate1e2 colliders. In fact, they will
probably even be difficult to measure at am1m2 collider
‘‘Higgs factory’’; recall that theZ factories LEP and SLAC
6-11
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Linear Collider~SLC! ‘‘only’’ determined the invisible decay
width of theZ boson to;0.1%, see Eq.~27!.

IV. SUSY DARK MATTER

It is well known that in the MSSM with exactR parity, the
lightest neutralino is a good cold dark matter candidate@2,3#.
For a very reasonable range of supersymmetric parame
the relic density of aB-ino-like neutralino satisfies 0.1
&Vx̃

1
0h2&0.3, which is the currently preferred range@23#;

hereV denotes the mass density in units of the critical d
sity, and h is today’s Hubble constant in units o
100 km/(sec•Mpc). Note that this argument singles out
B-ino-like LSP. A Higgsino- orW-ino-like LSP would have a
thermal relic density in this range only if its mass is arou
1 TeV; such a large mass for thelightestsuperparticle would
be difficult to reconcile with finetuning or naturalness arg
ments.

The two relic neutralino search strategies that suffer le
from our lack of knowledge of the DM distribution through
out our galaxy are ‘‘direct’’ detection, where one looks f
the elastic scattering of ambient neutralinos off nuclei in
detector; and the ‘‘indirect’’ search for high-energy neutrin
originating fromx̃1

0x̃1
0annihilation in the center of the Eart

or Sun. In both cases the signal rate is directly proportio
to the LSP-nucleon cross section@3#. This cross section in
turn depends on the neutralino-quark interaction strength
the distribution of quarks in the nucleon, and on the dis
bution of nucleons in the nucleus.

Three classes of diagrams contribute to the neutra
quark interaction: the exchange of aZ or Higgs boson in the
t-channel, and squark exchange in thes- or u-channel, see
Fig. 6. Z exchange only leads to a spin-dependent inter
tion, while Higgs exchange contributes only to the sp
independent interaction, and squark exchange gives
spin-dependent and spin-independent contributions, wh
the latter arises only due to combinations of couplings t
violate chirality; see Ref.@3# for details. In general the spin
independent contribution is more important since it leads
coherentcoupling to heavy nuclei,12 and the Higgs exchang
contribution is usually bigger than the squark exchange c
tribution.

We saw in Sec. II A that in the pure gaugino limit th
x̃1

0x̃1
0 Higgs couplings vanish at the tree level. We just sta

12The x̃1
0 capture rate in the Sun, which contains very few hea

nuclei, can also get important contributions from spin-depend
interactions.

FIG. 6. Diagrams contributing to the effective neutralino-qua
interactions.
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that the most important contribution to the spin-independ
neutralino quark interaction often comes from Higgs e
change. In this section we therefore study the effect of
fermion-sfermion loop corrections to the Higgs couplings
neutralinos on the neutralino-proton cross section. We
the expressions in Ref.@24#; these expressions also includ
contributions from effective LSP-gluon interactions. We al
take into account leading SUSY QCD corrections to the sc
tering cross section@25#, and assume the ‘‘standard’’ valu
@3# for the strange contribution to the nucleon ma
ms^pus̄sup&5130 MeV @26#.

As in Sec. II we use nonuniversal soft breaking terms
keep all squark masses identical. All experimental co
straints on sparticle and Higgs boson masses are taken
account. We show two illustrative examples. In Fig. 7 w
takemx̃

1
0.M1550 GeV, and varym from 700 to 1050 GeV.

The values of the other parameters are similar to those
Fig. 2. The upper panel shows the predicted relic LSP pro
scattering cross section, while the lower panel shows
thermal LSP relic densityVx̃

1
0h2. In the case at hand thi

latter quantity is essentially determined@3# by x̃1
0 pair anni-

y
nt

FIG. 7. The predicted neutralino-proton scattering cross sec
and the thermal relic density~bottom!, when one-loop corrections to
the couplings of the Higgs boson to the LSP are included~solid
curves! or omitted ~dashed curves!; in the lower frame the two
curves practically lie on top of each other. The values of
relevant parameters are:mx̃

1
0.M1550 GeV, mq̃5400 GeV,

MA5200 GeV,M25105 GeV,Aq52.73mq̃ , tanb521, mẽR

5210 GeV, andmñ5200 GeV.
6-12
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hilation into charged lepton pairs. The rapid decrease w
increasingm is due to the decrease ofmt̃1

, which is caused

by enhancedt̃L2 t̃R mixing; this not only trivially increases
the t̃1 propagator, but also allowsx̃1

0 annihilation to proceed
from an S-wave initial state@9#. We include this figure here
in order to illustrate that our choice of parameters leads to
LSP relic density of the required magnitude. Of course, t
is not difficult to arrange, since the loop corrections we
interested in are almost independent of soft breaking par
eters in the slepton sector, which therefore always can
chosen to produce the desired relic density, as long as
LSP is not too heavy. Not surprisingly, the prediction
Vx̃

1
0h2 is practically not affected by the loop corrections pr

sented in Sec. II.
On the other hand the effect of these corrections on

LSP-nucleon scattering cross section can be significan
shown in the upper frame of Fig. 7, where they reduce
predicted scattering rate by up to a factor of 1.5. For
given choice of parameters the tree-level and one-loop c
tributions to thehx̃1

0x̃1
0 coupling have opposite sign, as in th

upper frames of Fig. 3; the absolute value of the sum of th
contributions only amounts to about 20% of the absol
value of the tree-level coupling. However, the scatter
cross section is actually dominated by the exchange of
heavierH boson. For the given choice of parameters its m
exceedsMh only by a factor of;1.5, and its couplings to
down-type quarks are enhanced by a factor;tanb; more-
over, we saw in Sec. III thatugHx̃

1
0x̃

1
0

0 u exceedsughx̃
1
0x̃

1
0

0 u by a

factor ;tanb/2. The absolute value of theHx̃1
0x̃1

0 coupling
is also reduced here, as in Fig. 5, but only by;10%. An-
other significant contribution comes froms̃ squark exchange
sinces̃L-s̃R mixing is enhanced for largeumu•tanb; this mix-
ing increases the spin-independent part of the squark
change contribution@27#. Of course this latter contribution
which interferes constructively with theH-exchange contri-
bution, is not affected by the loop corrections of Sec.
Hence in the given case the net effect of these correction
significantly smaller than in case of the invisible width of t
h boson. Finally, the overall decline of the predicted LS
scattering rate with increasingm is due to the reduction o
the Higgsino components of the LSP, see Eqs.~7!, which
leads to smaller tree-level LSP couplings to the Hig
bosons. Since the one-loop corrections to the Higgs c
plings depend only rather weakly onm they become rela-
tively more important whenumu is increased.

As a second example, shown in Fig. 8, we takemx̃
1
0

.M15100 GeV, and slightly reduced values formA and
tanb. The reduction of tanb implies lesst̃Lt̃R mixing, so
that the relic density is much less sensitive tom than in the
previous example. On the other hand, the increase of the
mass while keeping the slepton masses essentially the s
leads to an increase of the annihilation cross section, so
we now obtain a relic density of the required size in t
entire range ofm shown in this figure. The effect of the loo
corrections to the Higgsx̃1

0x̃1
0 vertices is somewhat large

here than in the previous example. Due to the reduced v
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of MA we are now in a regime with strong Higgs mixing, i.
usinau is much larger than the value cosb it takes in the limit
MA→`. As a result the exchange of the lighterh boson is
now more important than before. The loop corrections
duce the absolute value of thehx̃1

0x̃1
0 coupling by about a

factor of 2, which leads to a similar reduction of the pr
dicted LSP scattering rate.

We already saw in Sec. III B that loop corrections to t
Higgs x̃1

0x̃1
0couplings are maximal ift̃ 1 is light and the

Higgs t̃ 1 t̃ 1 couplings are large. This is again illustrated
Fig. 9, where we show the dependence ofsx̃

1
02p on At ~top!

and tanb ~bottom!. ReducingAt from its upper bound~set
by the experimental lower bound onmh) increasesmt̃ 1

and

reduces theh t̃1 t̃ 1 coupling, which leads to a rapid decrea
of the loop correction tosx̃

1
02p . The At dependence of the

tree-level prediction is due to thet- t̃ loop corrections to the
MSSM Higgs sector, which are always included. This dep
dence is quite mild, except near the upper bound onAt where
both mh and the mixing anglea depend sensitively onAt .
On the other hand, the tree-level prediction for the scatter
cross section depends quite strongly on tanb, due to the
1/cosb-behavior of the Yukawa couplings of down-typ
quarks. However, the negative loop corrections also incre
in size with increasing tanb, largely due to the tanb depen-
dence of the Higgs couplings tot and t̃ 1 ~recall that we are

FIG. 8. As in Fig. 7, but for the following set of input param
eters: mx̃

1
05100 GeV,mq̃5400 GeV,MA5150 GeV,M2

5200 GeV,Aq52.77mq̃ , tanb514, andmẽR
5mñ5200 GeV.
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far away from the ‘‘decoupling limit’’!. We thus see that in
the case at hand the parameter dependence actually bec
weaker once loop corrections are included; however, thi
not always the case. Finally, we note that scenarios w
mt̃ 1

;mh , where our loop corrections will be sizable, ca
also be found@28# in models with universal soft breakin
terms at the scale of grand unification, if the trilinear s
breaking parameter is sizable already at this scale; the
dition umu@M1 is almost always satisfied in these models

In these two examples the corrections to the Higgs c
plings to the LSP reduce the predicted scattering rate.
easy to construct scenarios with even larger but positive
rections, by taking very large values for first and seco
generation squark masses as well as forMA , while keeping
third generation squark masses relatively small; this kind
spectrum is e.g. expected in ‘‘more minimal’’ supersymm
ric models@29#. The largest contribution to the LSP-nucleo
scattering cross section then comes fromh exchange, so the
corrections to this cross section would scale essentially
the square of the correction to thehx̃1

0x̃1
0 coupling discussed

in Sec. II B. However, the predicted counting rate in suc
scenario would be very low, well below the sensitivity
near future experiments. We finally note that the correcti
to the Zx̃1

0x̃1
0 couplings will have some effect on the spi

dependent LSP-nucleon scattering cross section. Howe

FIG. 9. The dependence of thex̃1
0-p cross section onAt ~top!

and tanb ~bottom! for m51 TeV. The values of the other param
eters are as in Fig. 8. The upper bound onAt and both the upper and
lower bound on tanb are determined by the experimental low
bound onmh .
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this cross section is usually dominated by first and sec
generation squark exchange, which in this case does no
quire violation of chirality. We therefore expect the loop co
rections to theZ coupling to be significant only in scenario
whereuM1u!umu&mũ,d̃,s̃ but some sfermion masses are s
nificantly smaller thanumu.

It should be noted that currently thex̃1
0p scattering cross

section can only be predicted to within a factor of 2 or
even if the fundamental LSP-quark interactions were kno
exactly, the main uncertainty coming from the poorly know

size of the strange matrix elementms^pus̄sup&. For the cases
considered in this paper, the loop corrections calculated h
can therefore shift the cross section by at most one ‘‘theo
ical standard deviation.’’ However, this theoretical unce
tainty will presumably be reduced in future. We believe th
the calculation presented here, together with the result
Refs.@13# and@25#, reduces the theoretical uncertainty of th
prediction of the hard scattering cross section for giv
SUSY parameters to the level of 10%.

V. SUMMARY AND CONCLUSIONS

In this paper we have studied quantum corrections to
couplings of theZ and neutral Higgs bosons to gaugino-lik
neutralinos in the MSSM. We focused on the phenome
logically most interesting case of aB-ino-like lightest neu-

tralino x̃1
0 as LSP, but our analytical results of Sec. II a

valid for a more general gaugino-like neutralino, irrespect
of whether it is the LSP. We found that these corrections
completely dominate the tree-level contribution to the co
pling of the lightestCP-even Higgs boson. The correction
to the couplings of theZ and heavyCP-even Higgs boson
are somewhat less significant, but can still amount to abo
factor of 2. Since theCP-odd Higgs boson cannot couple t
two identical sfermions the corrections are suppressed in
case. In all cases the corrections can be significant onl
some sfermion masses are considerably smaller than the
persymmetric Higgsino massumu. Both ~s!lepton and~s!top
loop contributions to theZ coupling can be important, sinc
the experimental bounds formt̃ 1

andml̃ are still quite close

to MZ . The Higgs couplings receive their potentially large
corrections from loops involving third generation quarks a
their superpartners; in the latter case the corrections are
quite sensitive to the size of the trilinear soft breaking p
rameterAt ~andAb , if tanb@1!.

Turning to applications of these calculations, we fou
that these corrections might change the predicted detec
rate of dark matter LSPs by up to a factor of 2 even
scenarios where the rate is close to the sensitivity of the n
round of direct dark matter detection experiments. The p
sible impact on the invisible width of the lightestCP-even
Higgs bosonh is even more dramatic: it could be enhanc
to a level that should be easily measurable at future hi
energye1e2 colliders, even if the LSP is an almost perfe
B-ino. This would open a new window for testing the MSS
at the quantum level.
6-14
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