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We calculate the one-loop induced couplings of two gaugino-like neutralinos @ dnel 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 fugttre
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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[. INTRODUCTION contrast, aB-ino-like LSP is a good thermal DM candidate
for masses in the 100 GeV range; masses in this range are
The minimal supersymmetric standard mo@5SM) [1]  more natural, and can be probed at present and near-future
is at the moment considered to be the most plausible exterrolliders. Since these gaugino-like states have suppressed
sion of the standard modéBM). Out of the plethora of new  tree-level couplings to gauge and Higgs bosons, loop contri-
particles contained in this model the lightest neutral}fo butions to these couplings might be significant.
plays a special role. It is often the lightest of all superpar- In this paper we compute one-loop corrections to the neu-
ticles (LSP), which is absolutely stable iR parity is con- tralino couplings to th& and Higgs bosons, where we only
served. This means that neutralino LSPs produced at collicconsider contributions with fermions and sfermions inside
ers will be invisible, leading to the famous “missing the loop(the other possible contributions, involving chargi-
(transversemomentum” signatures for the production of su- nos, neutralinos and Higgs or gauge bosons, vanish in the
perparticles. In pa.rticul.ar,.a.final state~cor;si§ting of two LSPSB-ino-Iike limit for the }?)_ Our analytical results for these
only \_Nould be entl_rely !nV|S|b_Ie, s0 thatfx final states can corrections, for arbitrary momenta and genergl-fg
contribute to the invisible width of th& or neutral Higgs ) . .
bosons. Moreover, if the LSP is stable, we expect some relig) <IN9. are given in sec. [l In Sec._ ”! we apply t_hese
LSPs from the big bang era to still exist today, in addition toresults to compute the loop-corrected invisible branching ra-

the well-known relic neutrinos an@nicrowave photons. In tios of Z and Higgs bosons, and n Sec. IV we s_tudy th_e
. . ~0.. loop-corrected LSP-nucleon scattering rate and relic density.
fact, it was realized almost twenty years ago tlsx%ns a

. For the neutralino couplings to Higgs and gauge bosons,
good (cold) dar_k matter(DM)_ cand|qlate[2]. The LSP- . we found in all cases corrections of up to a factor of 2 for
nucleon scattering cross section, which determines the S14asonable values of the input parameters. The contribution
of the expected signal in direct DM detection experiments put p ’

[3], depends on the size of the LSP couplings to Zhand of B-ino-like LSPs to the invisible decay width of the lightest

Higgs bosons; these couplings can also play a role in théﬂsswI Higgsf boson_ migh& b_e me_asurable_ at future high-
. ~0 . . . energy and high-luminositg™ e colliders, while the contri-
calculation of they; relic density. A precise knowledge of

) ; . . bution to the invisible decay width of th# boson remains
these couplings is therefore important for both collider phegyera| orders of magnitude below the present bound. On the
nomenology and cosmology.

- other hand, the loop corrections can modify appreciably the
The lightest neutraling? couples to theZ boson and to | SP-nucleon scattering cross section in some MSSM param-

the MSSM Higgs bosons only if it has a non-vanishingeter range.

Higgsino component. On the other hand, most models pre-

dict x9 to be dominantly a gaugino, in particularBaino- or

photino-like state. Moreover, an LSP with a dominant Loop corrections to the& exchange contribution to thB-ino

Higgsino component has a thermal relic density of the reannihilation cross section have previously been computeldtjin

quired magnitude only if its mass is in the TeV range, be-However, in this earlier papdt -fr mixing has been ignored, and

yond the reach of near-future colliders and also beyond thanalytical results are only given for vanishing LSP three-momenta.

range of masses that is usually considered to be natural. @ur numerical results agree qualitatively with theirs.
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II. NEUTRALINO COUPLINGS TO HIGGS

~ 9
AND Z BOSONS LO(AXPX)) = 5[(Niz—tan6yNi1) (daNjs+eaNjs)
A. Tree-level couplings L 0
_ > Hieojlys=0,707075- ©)
At the tree level, the couplings of the neutrallr)d%to the 7
Z boson are given by the vertefs] Here, g=els,, is the SU2) gauge coupling withs3,=1
—c2,=sir? 4. The quantitiesdy, ,eq (P =h,H,A) are de-
057070, _: 9 iq© i i i
Lo(Zxix)) =i Zow ¥u¥sLNisNjz— Ni4Nj4]E|gZ;io;(]pyﬂy5, termined by the ratio tag of the vacuum expectation values

1) of the two doublet Higgs fields which are needed to break the
electroweak symmetry in the MSSM, and the mixing angle

while the neutralino couplings to the neut@P-even Higgs  in the CP-even neutral Higgs sector:

bosons¢=h,H and to theCP-odd bosorA read[6,7] . .

dy=—cosa, d,=sina, dy=sing,

—eo .0 o
FO(¢XPX?):'E[(NiZ_tanQWNil)(dd:NBJre¢Ni4)+'HJ] ey=sina, e,=cosa, e,=—Cosp. (4

) N is the matrix which diagonalizes the four dimensional neu-

. 0
=19 ,~070, . .
9 bXi X; tralino mass matrix:

M4 0 —MzSwCs  MzSySg
M 0 M, MzCwCpg  — MzCwSp )
NTl —mgswes  mzcucs 0 — i ’
MzSwSg  —MzCySp —u 0

where M, and M, are the SUSY breaking masses for theln this analysis, we are interested in the situatiqn
U(1)y and SU(2) gauginosu is the Higgsino mass param- >M,,M, and u?> m%. In this case the lighter two neutrali-
eter, ands;=sin 3, etc. This matrix can be diagonalized ana- nos will be gaugino-like. IfM,|<|M,|, which is the case if
lytically [8], but the expressions of the neutralino masses andaugino masses unify at the same scale where the gauge
the N;; matrix elements are rather involved. However, if the couplings appear to medtll], the lightest state will be
entries in the off-diagonal 2 submatrices in Eq5) are  B-ino-like, and the next-to-lightest state will i-ino-like.
small compared tddifferences of the diagonal entries, one The two heaviest states will be dominated by their Higgsino

can expand the eigenvalues in powersgf[9,10]: components. The eigenvectors of the mass matt) can
m2 also be expanded in powers i, . We find, for theB-ino—
s .
m}gle_m(Ml_l—MSZﬁ)s\zN; like state[9,10],
1

2 Ny;=[1+(N3p/Nip)2+ (Nya/Njp)?+ (Nga/Ngp)?] Y2

M. Z 2.
=M, 2—M§(M2+MSZB)CW'

Ny, M3SwCw Sppu+M
K Ni2_ ; W v;/ 2pM 1+O(m§);
(6) Nit —M1 M1—M;
2 2 2
mom— 280 [ Sw Gy @)
X3 B 2 pt+My ut+My)’
N13 SBM+C[3M1
o +m§(1+szﬁ) S Ciy N—n:szwTW+(9(m§);
Xa M 2 u—M; u—M,)’ # !
N14 CB/.L+SBM1 2
——=—MzSy——— 5 + O(m3).
Nll Z: W /,LZ—ME z

2We assume that all soft breaking parameters as well a real,
i.e. conserveCP. We can then work with a real, orthogonal neu- The corresponding expressions for theino-like state read
tralino mixing matrix N if we allow the eigenvalue:m;(lo to be
negative. Note also that the vertex factbrgiven in the text are 2
times the coefficients of the relevant terms in the interaction La- 3Loop corrections can significantly change the mass splitting be-
grangian. tween the two Higgsino-like stat¢42,13.
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Naz=[ 1+ (N21/Npp)?+ (Noa/Npo)®+ (Noa/Npo) 21~ V2 ma,
”1}§2M+m(|\4252ﬁ+u)1 (11
Ny, p2—M2 Mo—M; (mz); so that for|u|—o, the lightest chargino corresponds to a
pureW-ino state while the heavier chargino corresponds to a
(8 pure Higgsino state. The couplings of the neutral Higgs
N . M, bosons to chargino paig’(®x;"x;") are suppressed in this
N_23: m C\A/N‘—B+O(mz) limit, and only the couplingg®(®x; x5) survive. More-
22 —M3 over, neither th&V nor the charged Higgs bosons couple the
LSP to the lighter chargino in this limitg®(H=xYx:)
N24 CprtSgMo ~O(my/ ), @°(W=xTx1 )~ O(mG/ u?).

N, MzCw u2—M2 2 +O( mz) However, theZ boson does have full-strength couplings to
pairs of charginog; x;" , and CERNe*e~ collider LEP2
Note that the Higgsino components of the gaugino-like stateimits imply that even the lighter chargino is too heavy to be
start atO(m;), whereas the masses of these states deviateroduced in the decay of the lighter neutral Higgs bokon
from their | u|—o limit (M; andM,) only at O(m32). Moreover, the heavy Higgs bosons can always undergo un-
Inserting Eqs(7) into Eq. (1) one sees that the coupling SUPPressed decays into at least some SM fermions; in fact,
of the LSP neutralinos to th& boson only occurs at order decays involvingb-quarks are usually enhanced at large
m%, while Egs.(2) and (3) show that the LSP couplings to tanB. We therefore do not expect heavy Higgs decays into

the Higgs boson® =h,H,A already receive contributions at Mmodes that vanish fofu|—= to be significant even after
O(my): loop corrections have been applied. For these reasons we

will not discuss the chargino sector any further in this paper.

m2

9°(ZXx0) ~ NZ,— N2~ SWC2B2—22' B. One-loop induced couplings
M1 At the one-loop level, the couplings of the lightest neu-
. tralinos to theZ and Higgs bosons can be generated, in prin-
g°(®xgxg)~dq,Nl3+ epN1y ciple, by diagrams with the exchange of either sfermions and
fermions, or of charginos or neutralinos together with gauge
(dpSg—eqCp) or Higgs bosons, in the loop. However, the latter class of

~SwMz diagrams can contribute to the couplings of Higgs bosons to

neutralinos only if one of the particles in the loop is a
Higgsino. Similarly, these gauge-Higgs loops will contribute
, (90 to the coupling ofB-ino-like LSPs to theZ boson only if at
least one particle in the loop is a Higgsino-like state. These
loop contributions will thus be suppressed by inverse powers
Similar expressions can be given for the couplings of theof |4/, in addition to the usual loop suppression factor. We
W-ino-like state. This suppression of the tree-level couplinggherefore do not expect them to be able to compete with the
follows from the fact that, in the neutralino sector, thenly tree-level couplings that exist for f|n|1¢L|’ see Eq'(g)4
couples to two Higgsino current eigenstates while a Higgs Wwe thus only consider diagrams with fermions and sfer-
boson couples to one Higgsino and one gaugino currentions in the loop, as shown in Fig. 1. In the case of the

e@genstate, tqgether with tZe_fact that Irsnix:]n?(_bgtwefen currer&xlxl coupling, all three generations of matter particles will
eigenstates is suppressed|jf|>m;. Both kinds of cou- be involved since they have full gauge coupling strength. In

plings thusvanishas|u|— . h ¢ thab> i Vv the third i
The situation in the chargino sector is somewhat similar tg"€ cas<|a 0 e ﬁlﬁl COLIJp INgs, (I)(ny N ': generation
what has been discussed so far. The diagonalization of th(é)partlc es, which have large Yukawa couplings, can give
chargino mass matrix significant contributions to the amplitudes. Note that in the

B-ino limit there is no wave function renormalization to per-

u?—M?

(d<1>C/3 €pSp)My
p2=M7

M, V2mysg,

= (10
¢ \/Emwc,g %

“4Loops containing charged gauge bosons and gauginos only can
contribute to theZx{x9 coupling if X is W-ino-like. However,
leads, when expanded in powersmy,, to the two chargino these contributions are separately gauge invariant only iZthe-

masses: son is on-shell. Since in this scenaning(lrzm;(cf, LEP searches
imply that’J is too heavy to be produced in the decays of on-shell
ma Z bosons. If theZ boson is off-shell, box-diagrams with two
m;(lrzMz— 2 2(M2+ ,u,szﬁ)zm}g, chargeq gauge bosons in the loop have to be added to obtain a
I 2 gauge-invariant result.
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b) P Rm) finite once contributions from both sfermion mass eigen-
57 g ' states of a given flavor and from both diagrams in Fig. 1 are
B f added; diagrams$a) and (b) are separately finite after sum-
\,\ Y mation over a complete generation (gffermions. We have
finl ., Xile) performed the calculation in the dimensional reduction

) o schemd 14]; since the one-loop couplings are finite and do

FIG. 1. The Feynman diagrams contributing to the one-loop,t require any renormalization, the same result is obtained
couplings of the lightest neutralinos to tA@nd®=h,H,A Higgs | qjng the dimensional regularization schefas], once the
bosons. Diagrams with crossed neutralino lines have to be added(‘:ontributions from a complete $2) doublet have been
addecf The results are given below for a general gaugino
form, since the tree-level couplings are zero. Off-diagonal|u|>M,,M,, for arbitrary ordering oM, andM,).
wave function renormalization diagrams could convert one The one-loop induced boson vertex to a pair of lightest
of the gaugino-like neutralinos into a Higgsino-like state, butneutralinos is given by is an incoming,p, an outgoing
this kind of contribution is again suppressed byul/ and  momentum
can thus not compete with the tree-level coupling. In case of i g
the Z coupllng,_bot_h ex_ternal gauginos V\_/ould have to be F}L(ng}g :_2_( 7;0’52 Ng)ég)
converted to Higgsino-like states, which is obviously only c f
possible at the two-loop level.

We have calculated the contributions of these diagrams +(P1—P2) w5 N(f)é(f)J
for arbitrary momentum square of the Higgs andbosons, R T
finite masses for the internal fermions and sfermions as well 1 .
as for the external LSP neutralinos, and taking into account 5'92}2}2%7’5“92}2}2@1_ P2) s,
the full mixing in the sfermion sector. The amplitudes are
ultraviolet finite as it should be. The contributions from dia- (12)

grams(a) and (b) to the d)}?}? couplings are separately
finite for each fermion speci€sThe Zy%x? couplings are  with the color factordN{" , and

5= (ar+ v Cag)ual ~MiCo(Tr) —~MeeCo(T) + 4meoCy (F2) — 2(mio+ py- p2) C5 (T2)
=2(m%=p1-p2)C; (T2) ~2C8(T) 1+ (ar—viCap)vs
X[ = mECo(To) —mZeCo(Ty) + 4moCy (1) — 2(mio+ Py p2)C5 (T2) — 2(mio— Py p2)C; (1)~ 2C5(T)]
+2mym;0aS,4(v1+03)[ Co(F1) — Co(F2) —2C1 (F1) +2C1 (T2) 1 - (ar+ v vomi[ Co(T1) e+ Co(F2)s5 1+ (as
—0n)va{ehl ~mioColTy) + 4meoCy (Fy) ~ 2C3(Ty) — 2(mig+ py-p2) C (T1) — 2(mo—py-p2) C; (T)]
+ [ = mEeCo(Ta) + ameoCy ()~ 2C3(T) — 2(mo+ pa- p2)C3 (o)~ 2meo—py-p2)C; (F2) 1}
—Cogal f77,7,Co(F1, 1) — 127,7,C5(F2 Fo) 1 —val €f. 1,7, Co(F1,Fo) + 55 F71,7,C5(F2 F2)
+S26:(201+02) f77.7,C5(F1,F2); (13
84 =(@s+vCaq) 2myov [ C1 (T5) —2C; (F2) 1+ (@5 —vcaq) 2mpov[C1 (F1) —2C, (F) 1+ 2a58,4(v 1 +v) M
[—Ci(Fo+Ci(Ta)l+2(ai—vivame{cs C1 (1) —2C; (T ]+s5[C{ (T —2C, (F2)1}
+ 2250100 f71,7,C2 (1, F0) = f3,7,C5 (T2, F2) 1+ 2vomiol cF. £22,7,C, (Fa T+ 11,7,C5 (T2, F2)]

+2f 71,7, [ (v1+va)MiCy (F1,T2) —Sp4(201 +v2)mpeC, (F4,T2) 1. (14)

5The contribution of diagram)as finite only after summation over both sfermion mass eigenstates.

®In the modified minimal subtractioMS scheme the contribution from a given fermion species contains mass-independent terms propor-
tional to some combinations &f f couplings. These constant terms add to zero when summed over a complete generation of fermions and
sfermions.
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Here we have used the notation The angle#; is the mixing angle arising from the diagonal-
ization of the sfermion mass matricesompare Eq(24) be-
low] andsf. =1-cg.=sir’ 6. Q and!f denote the electric
charge and weak isospin of the fermifyrrespectively. The
Passarino-Veltman three-point functigris], defined as

i e 1
vi=—5latsuQr, ar=zls,

= 2 e ~
vo=(9QiN1utanbw)®, v1=5vo, oty (F)=C3% 5 (q? m~o,mf,mf,m~)
_ . 2 2 2
L T PO T 1_&) Nio Coiy (11T =Cais (a2 meo,m? m? ),
2 2Q° Qf Qt/ Nyjtanby
| N 2 with g the momentum of the Higgs @ boson, can be found
3( 12 ) } in Ref.[13].
Qf Nijtanby In the same notation, the one-loop Higgs boson couplings
to the LSP neutralinos in the bino limit are given by:
U—Isv( Nz 1) ig
3= 5A V0l N tana . t]- ~ L1
2Q¢ "I Nystanfy F1(¢X?}2)=4—Wz[2 Nedy) |=ig 70
The Z boson couplings to sfermions are given by: (18)
g
73, = -2} C(r"'ZQfSwy f71.5,= 2'35.9~+2Qfsw- YAy = 27’5[2 N oy 91}2}27’5
f71,7,= 155207 18 \where
(ry_ Mi9gtt 5 s 2 ~ 2 s
Oy = T {529—(01+U3)[ (m +mf+m~o)Co(fl)+4m~oC1( 1)+(m;2+mf+m}g)co(f2)—4m}2cl(fz)]
+2(v1+v,e5) Mo Co(F1) —2C1 (F1) ]+ 2(v1 +vos5) mima[ Co(fo) —2C1 (T2) 1}
_C¢?1?1{_52(7;(vl+v3)mfco(?ly’f1)+2(01+02C§;)m}gcf(’fla’fl)}
_C¢?2?2{526~f(01+Us)meo(?z,?z)"‘2(Ul+ Uzsfrf)m}gcf(?z,’fz)}
—Cgi i~ 2Co5(v1+v5)miCo(Ty,T2) — Zszmvzm}fcf(ﬂ §P3)% (19
5“):M{(v +03)Sp [ (ME —m2—m20)Co(T1) — (MF —m2—1P0)Co(To) 1+ 2(v1+v,¢2) mrom;Co(T5)
A 2my 17 U3)S26; f, f Yol f, f 9 ~olt2 1T UL MMMl Ty

+2(vg sz%}f)m;gmeo(7z)} +Ca1, 7l —2mi(vg + v3)Co(f1,F2)+ 2m0(2v1+02)824,C1. (f1.72)). (20)

The Higgs-fermion-fermion coupling constants are given by
CoS« —sina
ghuu_Wr ghdd_mv

sina CoSa

gHuu:Wr ngdZ@, (21)

Jauu=COtB, QGaga=tans,

while the Higgs-sfermion-sfermion coupling constants read

’Some care has to be takermf—0 orq2=4m§(o, since standard expressions for the loop functions contain spurious divergences in these
1

kinematical situations, which are characteristic for LSP-nucleus scattering and LSP annihilation, respectively. This problem is discussed in
the Appendix of Ref[13].
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L. _Mz uA2 2 mz d.2 2 M30hdd
Crig, = asﬁm[' 3Co-— QuSwCa;] Chd,a,= — acﬁm[' 3C;~ QuSwCag;] — -~
2
MiOheuy  MuS26; MyS245
T T 2m [Aughuu+ “Ghudl;  (22) ~om [Adngd+ H“Gnddl;
2
Ll u.2 2 MyGhuu mgz dngd
Chuzuz_ QSBJra[I SS(;'(J_FQUSWCZHL“J]_ My CHEZHZZ - Cﬁ’+a[| 3s(;'“+stWC29“]_
mu32g~ md523~
LT [Aughuu+ﬂgHuu] o [Adngd+M9hdd]
mz 2 _qu mz
— -~ 2 _,d
Chulu2 WSB+a[QuSW |3/2]3205 CHdldzz - QCB*’“[QdS\N— | 3/2]3208

m

“U
—_—— N d_
zmw[Aughuu+ KGnuulCop; ZmW[Adngd+ #GnddlC2a;

mz d.2 2 M30hdd my
Cha,a,= asﬁm[' 3C— QaSwCae;]— M Catji,= m(A“ cotB+ u);
MyS24
~m [Adghdd H9ddl;
Cadd,= 2m S—(Agtang+pu).
m M30hdd
z
Cha,d,= asﬁﬁ—a[lgséa"' QuSiCas;]~ P~ We use the following convention for the sfermion mass
matrices:
MyS24 A
e — ~
om [ d9hdd— “OHddl; , mf2+mEL meA
Mi= = 2,2 |
miA; M+ Mg
.Mz 2 _d My
Chd,a,= asﬁm[QdSw_ 13/2]S24,~ m[Adghdd m?, = rréL—’_(lg_Qfs\zN)m%CZ,B
. 2
~ MOHddlC24; with Mag= mg + QrSamZCap (23
~ _of
mZg Ai=A;— u(tanB) ~?'s.
. z 2 2 uYHuu
Chiu,=— aCBJra[I %Cga— QuswCae ]~ My
s They are diagonalized by>22 rotation matrices described
_ . y the angle®;, which turn the current eigenstatds, an
W[AugHuu (4Ghud] by the anglew;, which turn th t tatds, and
2m T, into the mass eigenstatésandf.; the mixing angle and
sfermion masses are then given by
2
s mZ 2 2 mugHuu
CHu2u2: - acﬂJra[l gsaa—i_QuSWCZHa]_ My
2mA mf| —Mag
MySzg, ) S26,= "2 2 Cog;= 3 2 (24)
R [AugHuu HGhuul; my — Nk m; — g
2m, 1 2 1 2
my 5
Chiu,=— _Cﬁ+a[Qu5W_|§/2]52mu 1
o e = m SO
1,2
u .
ZmW[AugHuu /-Lghuu]c2(7l]v T \/(mEL_mZRR)2+4m$A?]- (25)

075016-6



LOOP INDUCED HIGGS ANDZ BOSON COUPLINGS TO . .. PHYSICAL REVIEW B35 075016

727 O T S |
I 1 2x107 BR(Z—> X7 x}) .
- 92X X7) - I tang=15 |
L tGI’]ﬁ=15 i M:']Te\/

5x107* pu=1TeV i r — one—loop level
L —— one—loop level N L -.-. tree level i
L -.-.. tree level - L
- 1 1.5x107+

3x107*%

1x107* L i

. B ki AT ek et td Lt Mt ket bl
210 300 400 500 X 210 300 400 500
(@) Maiept [GeV] (b) Maiept [GeEV]

FIG. 2. TheZ boson axial vector couplin@eft) and branching ratidright) to pairs of the lightest neutralino as functions of the common
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 contribution Eq.
(12) to the axial vector coupling, while the solid line in the right frame shows the total loop-corrected branching r&f6) Eghese results
are given for taB= 15, u=1 TeV, my=2n7, A=2.9mg and gaugino masséd, =30 GeV,M,=120 GeV.

. HIGGS AND Z BOSON DECAYS tal” zero for sfermion masses slightly above thenass; this
happens e.g. for the(s)neutrino contribution atnm;
=94 GeV? The real part of this contribution is positive
The tree level and the one-loop induced axial vector coutnegative for smaller(largen sneutrino masses; its absolute
plings of theZ boson to}‘f pairs are shown in Fig.(3) for ~ value reaches a maximum at;,=155 GeV. No such zero
the input values tag=15 andu=1 TeV. We work in an occurs for the imaginary parts. Moreover, tfgtop loop
unconstrained model with non-universal boundary conditiongontribution is much larger than that from the other
for the gaugino mass parameters at the high energy $calds)quarks, even if the stop masses are not reduced signifi-
and set theB-ino and W-ino mass parameters td; cantly compared to the other squark masses. When combined
=30 GeV andM,=120 GeV, respectively. For definiteness with the “accidental” suppression of the)lepton contribu-
we assume a common soft SUSY breaking scalar mass fdton for slepton masses close to their present lower experi-
the three generations of sleptonsg =n =ny, and a mental bound, this implies that the dominant contribution to
common mass term for the Sq“am‘iL:mﬁR:maREm&- the real part of this coupling usually comes fro(n:jtop _

. . i : ? loops. Of course, these loops cannot contribute to the imagi-
with rrrq=_2rrr,_. For the trilinear coupling, which will play a nary part, which receives its dominant contribution from
role mainly in .t-he stop s.ectorz we. choose the valie (s)lepton loops. For large masses, sparticles decouple and the
=2.9m;. The trilinear couplings in the-squark and slepton |oop correction to the coupling vanishes asymptotically.
sectors which are not |mportant here, have been set to zero. The partial decay width for the decay ofZaboson into a

The tree-level coupllnggZ 070 is very small if y X1 is  pair of LSP neutralinos is given by:

A. Invisible decays of theZ boson

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

2(a), it is less than 10° for the chosen parametetand of rz—x%9)= 224 Z|gZX ~ot g;}0}0|2, (26)
course does not depend on slepton and squark madses 1

real part of the one-loop induced coupllr'gg;Z 030 for on-

1/2 ;
shell Z bosons(i.e. with g?=m2) receives contributions  Where 8, =(1- 4m"0/mz) is the velocity of the neutrali-

from both massless and massive SM fermions and their sthos in the rest frame of theboson. In the usual perturbative
perpartners. In the former case the real part has an “accidexpansion the one-loop correction to a decay width origi-

8|n models with universal gaugino masses at the grand unified 9Th|s statement h0|ds Stnctly Speak”']g’ On|y in % Scheme

theory (GUT) scale, the bound on the lightest chargino mass fromyhere the contribution from eacts)fermion species decouples
negative searches at LER#; - =104 GeV[17,18, will constrain a separately whenm;—. In the dimensional reduction DR)

B-ino-like neutralino to have a mass larger than/2; the decay  scheme decoupling only occurs after summation over a complete
Z—x¥3 would then be kinematically closed. generation.
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nates from the interference of tree-level diagrams with theyuarks couple withO(1) Yukawa coupling to the Higgs
real parts of the corresponding one-loop diagrams. Howeveposons, and for the given choice of laldg| the (dimension-
in our case the tree-level decay width will vanish in the limit ; ful) ht,T coupling significantly exceeds tfig mass. More-
|| —c. In this limit the one-loop diagrams represent the !

over, due tot, -ty mixing the lightert mass eigenstate is

leading order contributions. We therefore also include the often not only lighter than the other squarks, but also lighter

squared one-loop contribution in E@26). However, for than the sleptons. A result, the | frections are nu-
|u|=1 TeV the numerically most important correction to the an the sieptons. As a resu € loop corrections are nu
merically evermoreimportant in case of the Higgs coupling,

tree-level result usually still comes from the interference beeven thouah the tree-level contribution to this counling is
tween the tree level and the real part of the one-loop cou- 9 piing
nominally only suppressed by one power |af. If |A] is

plings. Note finally that the derivative COUpI”ﬁ %9 of Eq. large, as in the present example, the loop corrections to the

(12) does not contribute to the decay width of rZatbosons hx9x? coupling can even exceed the tree-level contribution.
since the product of the polarization vector with the sum of  The variation of the one-loop contribution to the coupling
the outgoing LSP momenta vanishes. is again mostly due to the natural decrease with increasing
The Z decay branching ratio, BR(-y Xl) Iz masses of the sfermions running in the loop, which decouple
— YOI with T¥'=2.5 GeV, is shown in Fig. ®). In  When they are much heavier thgn theboson. Formg
the Born approximation, the branching ratio is very small,=420 GeV(i.e.mj=210 GeV),_ is near its experimental
~1x10"". It can be enhanced by the loop contribution by ajower bound of~ 100 GeV, due to strong -t g mixing. This
factor of =2 in the low slepton mass range. However, theimplies thatmy; will grow faster than linearly with increas-
branching fraction is still well below the experimental limit ing m, which explams the very rapid decrease of the loop
on the invisiblez boson decay width17], corrections. However, there is also a variation of the tree-
pinv level coupling forM =200 GeV which, at first sight, is as-
|e><p~ +1.5 MeV, (27) tonishing. It is caused by the variation of the mixing angle
in the CP-even Higgs sector, and to a lesser extent by the
which would require a branching ratio in the permille rangevariation of My,, due to the strong dependence of crucial
for detection. One can find scenarios with somewhat largeloop corrections in theCP-even Higgs sector on the stop
loop corrections than shown in Fig. 2, if parameters are chomasseg? In fact, for the set of input parameters witf ,
sen such that all slepton masses are near 150 GeV. Howeverpoo GeV at small slepton masses, we are in the regime
even in this case we are still more than three orders of ma
nitude below the experimental lim{27). Of course thezZ

partial decay width intgy{ pairs can be enhanced to a de-

tectable level for lower values of the parameterHowever, phenomenology of the MSSM Higgs bosons is drastically

in this case the one-loop correctiofyshich remain more or - ;e cted, has been discussed in several places in the literature
less the samewould be relatively less important than for [19].

Yvhere sim, which appears in ththle coupling (and

which enters thenbb coupling as will be discussed lajer
varies very quickly. This “pathological” region, where the

large |- The partial widths for the decays df P-even Higgs
bosonsg=h,H, into pairs of identical neutralinos are given
B. Invisible decays of the Higgs bosons by [20]:
The real part of the coupling of an on-shell lightést 3M
boson to ay? pair is displayed, at the Born and one-loop F(¢—>X1X1)_ |9¢X g¢Xo o2, (28

level, in the left-hand frames of Fig. 3. It is again shown as a
function of the sfermion masses, for tas 15, u=1 TeV
and pseudoscalar mass input validg=200 GeV (Upper  The pranching ratios for the decays of the lightedioson
frames anéj 1 TeV(lower frames. We see that the tree-level 5.6 shown in the right-hand frames of Fig. 3 for the same
couplinggh}(l)}l is typically a factor of 3 larger than the cor- choice of parameters previously discussed. They have been
calculated by implementing the one-loop Higgs couplings to
neutralinos in theeORTRAN codeHDECAY [21] which calcu-
derstood from Eqg1), (2) and(7). In the “decoupling”limit  |ates all possible decays of the MSSM Higgs bosons and
M3>m3 the neutral Higgs mixing angler satisfiess,=  where all important corrections in the Higgs sector, in both
cB, =sg. In this limit the ratio of tree- |9VE‘ZX1X1 and the spectrum and the various decay widths, are included. We
see that the situation is completely different from the case of

responding coupling]g;(o;(o of the Z boson. This can be un-
11

hX1X1 coupllngs becomes-m; cot 26/(2u); for the given
choice of parameters this amounts to about 0.3, in goodhe decayZ— x7x3: the branching ratio BR(— x?x3) can
agreement with Figs. 2 and 3. On the other hand, for smaflready exceed the one permille level with tree-level cou-

sfermion masses the one-loop corrections toH&® cou-  Plings. This enhancement is not only due to the laggeyo

pling exceedg;;(o;(o by more than an order of magnitude.
11

The corrections to th& coupling toB-ino-like neutralinos e remind the reader that LEP Higgs searches would com-
only involve electroweak gauge couplings. In contrast, toppletely exclude the MSSM in the absence of these corrections.
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FIG. 3. The lightesh boson couplingsleft) and branching ratio&ight) to pairs of the lightest neutralinos as functions of the common
slepton mass. Most parameters are as in Fig. 2, and weMggk200 GeV (top) and 1 TeV(bottom).

couplings compared t@z;9;0, but also due to the much =250 GeV. In this casgg;(o;(o is only about half as large as
1*1

srt‘ntallerh total decay ‘_Nidtﬁ-l_ I~ afew MeV, compared {0 i the decoupling limitv »—, but the loop contribution to
I'7'=2.5 GeV. After including the one-loop corrections, the this coupling is still sizable for this value of the sfermion
branching fraction BRf— xJxJ) can be enhanced to reach masses, and has the same sign as the tree-level coupling,
the level of a few percent. leading to a quite large total coupling. The branching ratio
The branching ratio is especially enhanced if the usuallyfalls off quickly for smaller sfermion masses, since heressin
dominant decay intdb pairs is suppressed, i.e.|gina| is  becomes sizable (and positivg. Moreover, for my
very small; recall that thé bb coupling isxsina/cosp. In =210 GeV the tree-level and one-loop contributions to the
our examples this happens fdvl,=200 GeV and ny couplings have opposite sign. The branching ratio also de-
creases when is raised above 250 GeV, albeit somewhat
more slowly; here the rapid decrease of the loop contribution
Yror the choice of parameters in Fig. 3 the total decay width of IS compensated by the increase of the tree-level coupling,
is similar to, or even smaller than, that of the standard model Higggvhich however does not suffice to compensate the simulta-
boson with equal mass. neous increase of Sia.
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FIG. 4. The lightesh boson couplinggleft) and branching ratiogright) to pairs of the lightest neutralinos as functionshé{. The
parameters are as in Fig. 2 with;=250 GeV andV ,=200 GeV.

Figure 4 shows the dependence of tg)y® coupling 500 GeV should produce-10° Zh pairs per year ifsin(e
and of the correspondirfgbranching ratio on the mass of the —g)|=1 one should be able to measure an invisible branch-
LSP,myo=M,. We see that the tree-level contribution to this ing ratio of about 3% with a relative statistical uncertainty of
coupling depends essentially linearly on the LSP mass. Equa&bout 2%.
tions (2) and (7) show that, for the given scenario where  We now turn to the heavier MSSM Higgs bosdrsand
c,=Sg=1, this linear dependence dvi, originates from A. The couplings to the lightest neutralinos are shown in Fig.
Ni4, Where the contribution wittM, in the numerator is 5 for the same input parameters as in Fig. 2. As can be seen,
enhanced by a factor of tgh relative to the contribution up to a relative minus sign, the tree-level couplings of these
with « in the numerator. Therefore the contributietM ; is  two Higgs bosons are approximately the same since we are
not negligible even though in Fig. 4 we hat;<|ux|. On  in the decoupling regime whetb= —dy,, ande,=e, with
the other hand, the one-loop contribution to this coupling|eA|<1, see Eq(4). Equations(2)—(4) and (7) also show
depends only very weakly oM ;. The small increase of this that the tree-level couplings of the heavy Higgs bosons ex-
contribution shown in Fig. 4 is mostly due to the expl'rcci;,g ceed that of the light Higgs bosom by a factor tang/2
dependence of the loop couplind9); the change ofN;, [ignoring contributions to Eq7) with M, in the numera-
with increasingM,, as described by Ed7), plays a less tor]. On the other hand, the loop corrections are smaller in
important role. The increase of the total coupling with in-case of the heavy Higgs bosons. The corrections to the
Cl’easingM 1 nevertheless remains Significant. However, thEH}g}g Coup"ng are reduced by about a factor of 2 Compared

right panel in Fig. 4 shows that fame=15 GeV this in- 1, e corrections to thax{x$ coupling, mostly due to the

crease of the coupling is over compensated by the decrea?@latively smaller coupling td, pairs, see Eqs(22). The
of the B2 threshold factor in the expressid@8) for the h

partial width. corrections to the\}‘ﬁg coupling are even smaller, since the

Once one-loop corrections are included, for certain valuegP odd Higgs bosonA cannot couple to two identical
of the MSSM parameters the branching ratio for invisible Squarks. The contribution with twd; squarks and one top
boson decays can thus reach the level of several percent ev@Hark in the loop, which dominates the corrections to the
if Y0 is an almost purely-ino. This would make the detec- COUPIiNgs of theCP-even Higgs bosons for smatiy, does
tion of these decays possible at the next generaticei ef therefo_re not exist in case of thke boson. As a result, the
linear colliders. At such a collider it will be possible to iso- corrections to the coupling _aﬁare not only smaller, bgt also
late e*e~ —Zh production followed byZ—1*1~ decays [ depend less st_rongly onr; recall_that for o_ur_ch0|ce of
—e or ) independentof the h decay mode, simply by parametershr; increases very quickly asy is increased
studying the distribution of the mass recoiling against theffom its lowest allowed value of-210 GeV, which comes
| *1~ pair. This allows accurate measurements of the variou§om the requirementr; =100 GeV. Note also that thdtt
h decay branching ratios, including the one for invisible de-andAtt couplings are suppressed by a factorgoglative to
cays, with an error that is essentially determined by the availthe htt coupling, see Eqs21); this becomes important for
able statistic§22]. Since a collider operating afs~300 to  large squark masses, where the contributions from Rig. 1
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FIG. 5. The heavieCP-even Higgs bosoii (upper plots and the pseudoscalér boson(lower plotg 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.

are relatively less important. Altogether we thus see that théat the tree leve) their branching ratios are approximately
one-loop corrections are much less important for the heavjhe same. The one-loop contributions decrease the branching
Higgs bosons. Note also that for the given set of parameteratios by at most~10 to 40%. Note that the total decay
they tend toreducethe absolute size of these couplings. ~ Widths of the A and H bosons are strongly enhanced by

The partial decay widtH' (H—x2x%) of the CP-even tarf B factors[I'(H,A—bb)omigj ,45]. This overcompen-
Higgs bosorH is given by Eq.(28) with ¢=H. Due to the  Sates the increase of thgir couplings to neutralinos, so that
different CP nature of the pseudoscalar Higgs bosgrthe  their branching ratios intg pairs are far smaller than that
expression for its partial decay width differs slightly; it is of the light Higgs bosorh, remaining below the 1 permille
given by level over the entire parameter range shown. Moreover, the

cross section for the production of heavy Higgs bosons at
BaMa, o 1 2 e*e” colliders is dominated by associatetA production,
161 |9A}2}2+9A}‘f}‘1’| : (29 \yhich has a much less clean signature t@dnproduction
does. Branching ratios of the size shown in Fig. 5 will there-
Again, because in the decoupling regime @®-evenH fore not be measurable at e~ colliders. In fact, they will
boson and the pseudoscalamoson have almost the same probably even be difficult to measure atua u~ collider
couplings to standard model particles and to the neutralinotHiggs factory”; recall that theZ factories LEP and SLAC

I'(A—xx)=
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L|_near Collider(SLC) “only” determined the invisible decay o0 X 700 750 800 850 900 950 1000 1050
width of theZ boson to~0.1%, see Eq(27).

@ 1 (GeV)
IV. SUSY DARK MATTER 0.45 "oneloop level
i i ; : tree level -----
It is well known that in the MSSM with exa® parity, the 04 .

lightest neutralino is a good cold dark matter candidla@]. 035 -
For a very reasonable range of supersymmetric parameters |
the relic density of aB-ino-like neutralino satisfies 0.1 03
sQ;ghzso.S, which is the currently preferred ranf@s3]; sl
here() denotes the mass density in units of the critical den- '

02}

sity, and h is today’s Hubble constant in units of
100 km/(seeMpc). Note that this argument singles out a 015 b
B-ino-like LSP. A Higgsino- oW-ino-like LSP would have a
thermal relic density in this range only if its mass is around
1 TeV, such a large mass for thightestsuperparticle would 0.05 . . . : . . s
be difficult to reconcile with finetuning or naturalness argu- 650 700 750 8OO 850 900 950 1000 1050
ments. () K{(GeV)

The two relic neutralino search strategies that suffer Ieast g 7. The predicted neutralino-proton scattering cross section
from our lack of knowledge of the DM distribution through- 4nq the thermal relic densitipottom), when one-loop corrections to
out our galaxy are “direct” detection, where one looks for the couplings of the Higgs boson to the LSP are incluéemid
the elastic scattering of ambient neutralinos off nuclei in acyrveg or omitted (dashed curves in the lower frame the two
detector; and the “indirect” search for high-energy neutrinoscurves practically lie on top of each other. The values of the
originating fromy{xannihilation in the center of the Earth relevant parameters arem;o=M;=50 GeV,m;=400 GeV,
or Sun. In both cases the signal rate is directly proportionaM,=200 GeV,M,=105 GeV,A,=2.73n;, tang=21, g,
to the LSP-nucleon cross sectip8]. This cross section in =210 GeV, andm;,=200 GeV.
turn depends on the neutralino-quark interaction strength, on

the distribution of quarks in the nucleon, and on the distri-that the most important contribution to the spin-independent
bution of nucleons in the nucleus. _ neutralino quark interaction often comes from Higgs ex-
Three classes of diagrams contribute to the neutralingpange. In this section we therefore study the effect of the
quark interaction: the exchange oZeor Higgs boson in the  fermion-sfermion loop corrections to the Higgs couplings to
t-channel, and squark exchange in #eor u-channel, see neyiralinos on the neutralino-proton cross section. We use
Fig. 6. Z exchange only leads to a spin-dependent interacse expressions in Ref24]; these expressions also include
tion, while Higgs exchange contributes only to the spin-contriputions from effective LSP-gluon interactions. We also
independent interaction, and squark exchange gives bofie into account leading SUSY QCD corrections to the scat-
spin-dependent and spin-independent contributions, Wheﬁ%ring cross sectiofi25], and assume the “standard” value

the latter arises only due to combinations of couplings tha[3] for the strange contribution to the nucleon mass,
violate chirality; see Ref 3] for details. In general the spin- ms<p|§s| p)=130 MeV/[26].

independent contribution is more important since it leads to a As in Sec. Il we use nonuniversal soft breaking terms but

coherentcoupling to heavy nuclef, and the Higgs exchange keep all squark masses identical. All experimental con-

tcr?t:j;:gﬁtlon is usually bigger than the squark exchange €OMStraints on sparticle and Higgs boson masses are taken into

. . . - account. We show two illustrative examples. In Fig. 7 we
We saw in Sec. Il A that in the pure gaugino limit the takem;(gzMFSO GeV, and vary from 700 to 1050 GeV.

X1x1 Higgs couplings vanish at the tree level. We just Stated1’he values of the other parameters are similar to those of

Fig. 2. The upper panel shows the predicted relic LSP proton
scattering cross section, while the lower panel shows the

12The}(l) capture rate in the Sun, which contains very few heavythermal LSP relic densitﬁNth. In the case at hand this
nuclei, can also get important contributions from spin-dependent X1

interactions. latter quantity is essentially determingg] by x9 pair anni-

0.1
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hilation into charged lepton pairs. The rapid decrease with 2.8 x 1078 T T
. . . . . one-100 eve
increasingu is due to the decrease of; , which is caused 2.6 x 1078 |- T oron Tovel — - .
by enhanced, — 7 mixing; this not only trivially increases 24x 107 T T
~ ~ . . — -8 —
ther; propagator, but also allowg annihilation to proceed =2 2.2x10 )
from an S-wave initial statf9]. We include this figure here ~ “= 20 %107 1 7
in order to illustrate that our choice of parameters leads to an ® 1.8 x107% |- T
LSP relic density of the required magnitude. Of course, this 1.6x 1078 | .
is not difficult to arrange, since the loop corrections we are 1.4x 1078 - N
interested in are almost independent of soft breaking param- 1.2 x 108 ! 1 L L !

eters in the slepton sector, which therefore always can be 750 800 850 900 950 1000 1050

chosen to produce the desired relic density, as long as the

LSP is not too heavy. Not surprisingly, the prediction of @ 1 (GeV)
Q;(ghz is practically not affected by the loop corrections pre- 017 P
sented in Sec. Il. tree level -

On the other hand the effect of these corrections on the  o.165 +
LSP-nucleon scattering cross section can be significant, as
shown in the upper frame of Fig. 7, where they reduce the 0.16 |
predicted scattering rate by up to a factor of 1.5. For the
given choice of parameters the tree-level and one-loop con- 5* 0.155 |

tributions to thehyYx? coupling have opposite sign, as in the
upper frames of Fig. 3; the absolute value of the sum of these 0.5 r
contributions only amounts to about 20% of the absolute
value of the tree-level coupling. However, the scattering 0145 r
cross section is actually dominated by the exchange of the

i i i I 0.14 ! ! * . ’
heavierH boson. For the given choice of parameters its mass o 00 50 900 950 1000 1050

exceedsMy, only by a factor of~1.5, and its couplings to (b) u(GeV)

down-type quarks are enhanced by a factdanB; more-

over, we saw in Sec. llI thd@ﬂ;o;ol exceedﬂgg}o;d by a FIG. 8. As in Fig. 7, but for the following set of input param-
111 111

o eters: m;o:lOO GeV,ma=4OO GeV,M,=150 GeV,M,
factor ~tang/2. The absolute value of thexJy? coupling  _ g GeV, A= 277, tanB=14, andm;_= ;=200 GeV.
is also reduced here, as in Fig. 5, but only by.0%. An- R
other significant contribution comes frosrsquark exchange, 0f M we are now in a regime with strong Higgs mixing, i.e.
sinces, -sg mixing is enhanced for large:| - tan 3; this mix- |sina| is much larger than the value cBst takes in the limit
ing increases the spin-independent part of the squark ea—- As a result the exchange of the lighteiboson is
change contributioi27]. Of course this latter contribution, NOW more important than before. The loop corrections re-
which interferes constructively with th-exchange contri- duce the absolute value of tiiey?x? coupling by about a
bution, is not affected by the loop corrections of Sec. Il.factor of 2, which leads to a similar reduction of the pre-
Hence in the given case the net effect of these corrections @icted LSP scattering rate.
significantly smaller than in case of the invisible width of the ~We already saw in Sec. IlI B that loop corrections to the
h boson. Finally, the overall decline of the predicted LSPHiggs yYx%couplings are maximal ift; is light and the
scattering rate with increasing is due to the reduction of Higgs 1,1, couplings are large. This is again illustrated in

the Higgsino components of the LSP, see E{JS, which_ Fig. 9, where we show the dependencergé_, on A, (top)
leads to smaller tree-level LSP couplings to the Higgs 1P

bosons. Since the one-loop corrections to the Higgs cou@nd tand (bottom. ReducingA, from its upper boundset
plings depend only rather weakly gm they become rela- PY the experimental lower bound am,) increasesm;, and

tively more important whemu| is increased. reduces thdt,t; coupling, which leads to a rapid decrease
As a second example, shown in Fig. 8, we tah;g of the loop correction toyj(g_p. The A; dependence of the

=M,=100 GeV, and slightly reduced values fai, and  tree-level prediction is due to thet loop corrections to the
tanB. The reduction of ta implies less7 g mixing, so  MSSM Higgs sector, which are always included. This depen-
that the relic density is much less sensitivertdhan in the  dence is quite mild, except near the upper bounédpwhere
previous example. On the other hand, the increase of the LSbbth m,, and the mixing angler depend sensitively oA .
mass while keeping the slepton masses essentially the sar@n the other hand, the tree-level prediction for the scattering
leads to an increase of the annihilation cross section, so thatoss section depends quite strongly on gardue to the

we now obtain a relic density of the required size in thel/cosg-behavior of the Yukawa couplings of down-type
entire range ofu shown in this figure. The effect of the loop quarks. However, the negative loop corrections also increase
corrections to the Higgg iy vertices is somewhat larger in size with increasing tag, largely due to the tag depen-
here than in the previous example. Due to the reduced valugence of the Higgs couplings toandt, (recall that we are
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p=1TeV, tan § = 14 this cross section is usually dominated by first and second
2.6 x 107 T I T T T generation squark exchange, which in this case does not re-
24 %10-% one-loop level . . . . T
59 % 10-5 - tree level --=-~/ | quire violation of chirality. We therefore expect the loop cor-
—_ 9.0 % 10-% b i rections to theZ coupling to be significant only in scenarios
E 1.8x 1078 o where|M,|<|u|=my 33 but some sfermion masses are sig-
< L6x 107 - 7 nificantly smaller than u|.
o 14x1078 | ~ .
19 i 10-8 - It should be noted that currently trﬁp scattering cross
1.0x 1078 F section can only be predicted to within a factor of 2 or so
8.0 % 107° L ' L L ! ; i . )
(@) P a— 5 59 24 26 28 even if the fundamental ITSP quark interactions were known
exactly, the main uncertainty coming from the poorly known
Aq size of the strange matrix element(p|ss|p). For the cases
) considered in this paper, the loop corrections calculated here
p=1TeV, Ay =2.77 . . “
56 x 10-° e can therefore shift the cross section by at most one “theoret-
2.4 % 10-8 one-loop %eve% - ical standard deviation.” However, this theoretical uncer-
22x10°0r ree fevel o tainty will presumably be reduced in future. We believe that
= 18 10-% I . the calculation presented here, together with the results of
3& %g i 18:2 B ] Refs.[13] and[25], reduces the theoretical uncertainty of the
= 12%x10°¢ | - prediction of the hard scattering cross section for given
é-g X igjﬁ C ] SUSY parameters to the level of 10%.
6.0 % 10°° -~ :
4.0 x 107°
7 8 9 10 11 12 13 14
V. SUMMARY AND CONCLUSIONS
(b) tan 8

In this paper we have studied quantum corrections to the

FIG. 9. The dependence of th&-p cross section o, (top) couplin_gs of_ theZ and neutral Higgs bosons to gaugino-like
and tang (bottom for w=1 TeV. The values of the other param- Neutralinos in the MSSM. We focused on the phenomeno-
eters are as in Fig. 8. The upper boundigrand both the upper and logically most interesting case of Brino-like lightest neu-
lower bound on tag are determined by the experimental lower tralino 9 as LSP, but our analytical results of Sec. Il are
bound onmy, valid for a more general gaugino-like neutralino, irrespective

of whether it is the LSP. We found that these corrections can

completely dominate the tree-level contribution to the cou-

pling of the lightestCP-even Higgs boson. The corrections
far away from the “decoupling I|m|t) We thus see that in to the Coup”ngs of th& and heavyC P-even H|ggs boson
the case at hand the parameter dependence actually becomgg somewhat less significant, but can still amount to about a
weaker once loop corre<_:tions are included; howeve_r, this' i$actor of 2. Since the& P-odd Higgs boson cannot couple to
not always the case. Finally, we note that scenarios withyq jgentical sfermions the corrections are suppressed in this
m;,~my, where our loop corrections will be sizable, can .46 |n all cases the corrections can be significant only if
also be found 28] in models with universal soft breaking some sfermion masses are considerably smaller than the su-
terms at the scale of grand Uniﬁcation, if the trilinear SOftpersymmetriC Higgsino ma$&| Both (S)|ept0n and(s)top
breaking parameter is sizable already at this scale; the cofpop contributions to th& coupling can be important, since

dition |4|>M is almost always satisfied in these models. the experimental bounds fom;, andmy are still quite close

In these wo examples the corrections to the Higgs o, M. The Higgs couplings receive their potentially largest

Torrections from loops involving third generation quarks and
heir superpartners; in the latter case the corrections are also
uite sensitive to the size of the trilinear soft breaking pa-

{ameterAt (andA,, if tanB>1).

Turning to applications of these calculations, we found
. oo that these corrections might change the predicted detection
ric models[29]. The largest contribution to the LSP-nucleon rate of dark matter LSPsg by up t% a fac?or of 2 even for
scattering cross section then.comes frorexchange, SO the_ scenarios where the rate is close to the sensitivity of the next
corrections to this cross section would scale essentially like |4 ¢ direct dark matter detection experiments. The pos-

. ~0~0 . . .

the square of the correction to thg; x; coupling discussed  sjple impact on the invisible width of the lighte€tP-even
in Sec. Il B. However, the predicted counting rate in such a4iggs bosorh is even more dramatic: it could be enhanced
scenario would be very low, well below the sensitivity of tg a level that should be easily measurable at future high-
near future experiments. We finally note that the correctiongnergye*e~ colliders, even if the LSP is an almost perfect
to the ZxJx? couplings will have some effect on the spin- B-ino. This would open a new window for testing the MSSM
dependent LSP-nucleon scattering cross section. Howeveat the quantum level.

easy to construct scenarios with even larger but positive co
rections, by taking very large values for first and secon
generation squark masses as well asNgy, while keeping

third generation squark masses relatively small; this kind o
spectrum is e.g. expected in “more minimal” supersymmet-
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