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We reinvestigate the question of whether a light Higgsino-like neutralino is a viable dark matter candidate.
To this end we compute the dominant one-loop corrections to the masses of the Higgsino-like states in the
minimal supersymmetric standard modMSSM), due to loops involving heavy quarks and their superpart-
ners. We also calculate analogous corrections to the couplings of Higgsino-like neutraliBasntb Higgs
bosons. In the region of parameter space leading to high Higgsino purity of the lightest neutralino, these
corrections can change the expected relic density by up to a factor of 5 in either direction. We conclude that for
favorable choices of soft supersymmetry-breaking parameters, a state with more than 99% Higgsino purity
could indeed form all cold dark matter in the Universe. In some cases these corrections can also increase the
expected cross section for LSP scattering off spinless nuclei by up to two orders of magnitude, or reduce it to
zero.[S0556-282(97)03313-4

PACS numbsdss): 12.60.Jv, 14.80.Ly

I. INTRODUCTION mass splitting between these states becomes very small as
the gaugino masses become large. In such a situation one has
It has been known for more than ten years that the lightesb include “coannihilation” between the LSP and these only
supersymmetric particld SP) can be a good candidate for slightly heavier stateg7]. Note that the z};ﬁ’;g and
the missing “dark matter’(DM) in the universe[1,2]. In Wy % couplings are large if the LSP is dominantly a
models with conserved R parity,” the LSP is absolutely Higgsino. Coannihilation therefore greatly reduces the esti-
stable. Searches for exotic isotopd then imply that it mate for the relic density of a Higgsino-like L$B,6].
must be electrically and color neutral. Within the particle  So far, the discussion was based essentially on tree-level
content of the minimal supersymmetric standard modetesults(although QCD corrections were taken into account in
(MSSWM) this leaves us with two kinds of candidates: thethe leading logarithmic approximation by using “running”
lightest sneutrind’ and the lightest neutraling . A com-  quark masses and couplingS]). More recently, complete
bination of “new physics” searches at the CERNe™ col-  one-loop electroweak radiative corrections to the masses of
lider LEP and direct DM search experiments excludes thehe neutralinos and charginos have become avai[@&bléJs-
sneutrino as viable DM candiddt2]. This leaves us with the ing these general results, Giudice and Pomarol very recently
lightest neutralino. pointed out[9] that loop corrections can quite significantly
In general, the lightest neutraliﬁ'p? is a superposition of change the mass splitting between the three Higgsino-like
the U(1), gauginoB (*“ B-ino”), the neutral S(2) gaugino  states, the dominant contribution coming from loops involv-
Ws, and the two Higgsino®? andhd (with Yi,=—Yf, ing heavy quarkst(b) and their superpartners. This is of
= —1/2). A gaugino-dominated sta@hotino or B-ind has some relevance for superparticle searches at LEP, since the

the right relic density4,5] to provide the missing dark mat- heavier Higgsino-like states will be quite difficult to detect

o4 2 . . experimentally if their decays only deposit a few GeV of
ter if m, R/m;<§—(200 GeVY, which points towards the same visible energy in the detectdr.

range of superparticle masses favored by naturalness argu- Here we point out that these radiative corrections can also
ments; herely stands for S(P) singlet sleptons, whose ex- change the estimate of the LSP relic density quite dramati-
change dominates the annihilation of B-ino-like neutralinoscally, since the coannihilation rate depends exponentially on
since they have the largest hypercharge. Originally, it waghe mass splitting between the Higgsino-like states. Radia-
thought[4] that a sufficiently pure Higgsino state would also tive corrections also change the decomposition of the LSP,
give an interesting relic density, if it is lighter than th¢  which alters its couplings to gauge and Higgs bosons. These
boson so thaﬁ(ﬁgHW*W’ is kinematically suppressed. couplings are further modified by explicit vertex corrections.
The reason is that the coupling of a pair of Higgsino-like

LSP’s to aZ boson becomes very small if the gaugino

masses are much larger than the Higgsino mass parametefyn this case one can still search for events where the heavier
However, Mizuta and Yamaguché] later realized that the Higgsinos are produced in association with a hard, isolated photon.
standard estimatg?] for the LSP density is not reliable in This signal should be viable0] even in the limit of almost perfect
this case. The reason is that there are actually thremass degeneracy, but the cross section is considerably smaller than
Higgsino-like states, two neutralinos, and one chargino. Théor the simple pair production process.
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We present a full calculation of these three-point functionsions for three-point functions in the kinematical configura-
corrections due to Yukawa interactions. Their effect on thetions of interest to us.
relic density is relatively modest, but for negative sign of the

Higgsino mass parameter they can change the cross section Il. FORMALISM
for LSP scattering off spinless nuclei by two orders of mag- . . . :
nitude. In this section we describe the calculation of the one-loop

corrections to the mass of the Higgsino-like states, as well as

The remainder of this article is organized as follows. In . .
to the couplings of the LSP 0 and Higgs bosons. We focus

Sec. Il we describe the formalism, including one-loop cor- . ¢ K i hich aive th
rections to the masses and relevant couplings of Higgsino&€re on corrections from Yukawa couplings, which give the

In Sec. lll we present numerical results for the LSP re"Cpoten_tiaIIy Iar_gest contributions to the mass splittifgsand
density and its detection rate inGe detector. Our estimate CCUPIiNGs of interest to us.

of the relic density includes a careful treatment of
s-channel pole$7], as well as “subthreshold annihilation”
[7] into W and Higgs boson pairs. Our estimate of the LSP  The corrections to the mass splittings can be understood
detection rate includes the full set of contributions discusseds corrections to the chargino and neutralino mass matrices.
in Ref.[11]. In Sec. IV we summarize our results and presentncluding one-loop corrections to the Higgsino masses, these
some conclusions. Finally, in the Appendix we list expres-matrices can be written as

A. Corrections to the masses

M, V2Mysing

M= aMyco8  p+oe | (13
M 0 —MgzcosBsing  MzSinB sind,y
_ 0 M, M cosBcosdy, —MzSinBcoshyy 1b
MO_ - M ZCO$ Sinew M ZCO$ CO$W 533 — M 534 ( )
Mzsingsinfy  —MzSinB coshyy — = O34 Osa

HereM,; and M, are the supersymmetry-breaking masses of ttiB\Uand SU2) gauginos, respectively; is the Higgsino
mass parameter, and f&a(HJ)/(HY) is the ratio of vacuum expectation values of the two neutral Higgs fields of the MSSM
[12,13.

Note that we are only interested in states that(ahmos) pure Higgsinos. We do therefore not include contributions that
are suppressed by both loop factors and small Higgsino-gaugino mixing angles. This is why we only included corrections to
the Higgsino entries of the mass matrices. Further, since we focus on corrections due to Yukawa couplings, we only need to
consider quark-squark loops. Their contributions are givef8by

3 - —~ — -
Oc=— 30,2 Re{hyhsin(265)m Bo(Q,t,b;) —Bo(Q,t,by) ]+ hphsin(267)m,[Bo(Q,b,t;) —Bo(Q,b,t5) ]

+ u[(Zsin2 65 + h2co265)B1(Q,t,by) + (h2co2 65 + hZsit65) B1(Q,t,by) + (hZsir? g7 + hZco£67)B,(Q,b Ty

+(hfcog o7 +hisir? 67)B1(Q,b,T2) 1}, (22)
B34= — % Re(N{[BA(Q.tT) +By(Q.tT)]+ hi[B1(Q.b,by) +B1(Q,b,by) T}, (2b)

833=— % homysin(205)Re(Bo(Q,b,by) — Bo(Q.b.b2)}, (20

Oaa=— %z hfmsin(267)Re{Bo(Q.t,T1) ~Bo(Q.t.T2)}. (2d)

Here B, and B, are two-point functions, for which we use the conventions of IR&f. Their first argument is the external
momentum scal€, and the second and third arguments are a quark and squark mass, for which we wrote the symbol of the

corresponding fields in order to avoid double subscripts. The squark masses are eigenvalu'éamﬂ%mass matricefl4],
which we write in the basisq ,qg) following the notation of Ref[15]:

o [mP+m2 +(3—Zsioy)coq28)M2 ;mt(AtJr,ucotB) .
2_ ) '
— my(Ar+ p cOB) mi+m;_+3sirfoycog2B)M3 | (33
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, [(mi+ m%L—(%—%sinzew)cos{Z,B)Mi , —Zmb(Ab+M tans) . -
~= 1a; .
b —my(Ap+  tang) mg+ mBR—gstaWcos(Z,B)MZ
|
Note that SW2) invariance implies that the soft breaking M Sinéy, cos3F sinB
terms appearing in th@,1) entries of the mass matric€3a) e(lS'A): ZM W , (79
and (3b) are equal. The lighter eigenstates are defined as 1 V2
01=0 costz+0rsindg . Finally, h, andh, in Egs.(2) are the
Yukawa couplings of théd andt quarks: (SA)_ Mzcoshy, cosB=+sing8 o
€ = M, " ;
gmy gm;
b=, =, @ , _
v2ZM,,cosB V2MsinB MZcog20) <S|n20W+ coszew) . Sas— 033
€3=
whereg is the SU2) gauge coupling, and the quark masses AV2puy M1 M2 AV2pun
are to be taken at scaf@. VIM2
; . . 2My,cog2 —
As written, the corrections. and 834 are divergent. The = weos24) + Oaa” 933 (70)

fact that the divergence is the same for these two quantities SunMz Wopy

provides a nontrivial check of our calculation. This diver-

gence has to be absorbed by renormalizing the Higgsin®/ith sn=u+ 634. The upper(lower) sign in Egs.(7a) and
mass parameter. We have used th®R renormalization (7D holds for the symmetricantisymmetrig Higgsino state.
scheme, with renormalization scale taken equal to the extertn® second equality in Eq7c) is valid only if one assumes
nal momentum scal®. For consistency, the tree-level pa- the usual “unification condition

rameteru in Egs. (1) then has to be interpreted as running
mass taken at the same sc&de In principle one has to
diagonalize the matrices of Egdl) at differentQ=m;io or

Q=m;(~i: in order to compute the physicabn-shel) neu- )
tralino and chargino masses. However, since Gheepen- mﬁgA:IMN— % [115"\(2,3)](

M, = 3tarf6,,M,=0.5M,. 8

The masses of the Higgsino-like eigenstates are given by

sirfé,, cos 0\,\,)

+

dence of the corrections is quite weak, for our purposes it is M, M,
sufficient to compute the mass matrices at fix@e | w|. 1

For our later discussion it is convenient to have approxi- + = (Saat Sa0)

. . . . 33 44,
mate analytical expressions for the masses of the Higgsino- 2
like states as well as for the LSP eigenvector. In the for us 2
relevant limitM,,M,>|u| the mass of the lighter chargino - My 1
: : 1 V2Z =+ UNT [1+5'n(2/3)]+§(533+544), 9
is approximately SM;
M2,sin(23) where we have kept the signs of the eigenvalues, and the
m;l::|,uc| 1- v }+O(M22), (50  second equality again assumes .

If the second term in Eq9) is larger than the loop cor-
rections given by the third term, which is generally the case
for M,<1 TeV, the LSP will be the symmetri@antisymmet-
ric) Higgsino state ifu is negative(positive). For small and
moderate values of t#h this distinction is quite important,
since the antisymmetric Higgsino-like state has larger
gaugino components: see E@8a and (7b). Moreover, the
mass splitting between the Higgsino-like states also depends
on the sign ofu. Assuming for simplicity Eq{(8) to hold,

whereuc=u+ éc; see Eq(la).

In the same limit the two lightest neutralinos are approxi-
mately equal to the symmetric and antisymmetric combina
tion of the two-Higgsino current eigenstate§ andh . In-
cluding terms up to first order in small quantities, their
eigenvectors are given by

1 1
Nro=| €9 € — +e, —— e, 6 one haq9]
hg 162 5T s 63 (6a) o
w
1 1 |m’);(2)_m’);2|2‘ 5M2_533_ 544 ’ (106)
Nfo=| eV, eV, ——e5,———es|, (6D
A V2 V2 M2 .

W .
with my=— |m}2| ~5M, [4—sgr(w)sin(28)]— > (033 O4a)

+ 8c— 83q. (10b)

2In our convention the neutralino eigenvectors are real, and wéNote that the one-loop corrections incredsecrease the
keep the signs of the eigenvalues. mass splittings ifd33+ 844 is negative(positive). As already
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x3(k1) X3(k1)
4.
............ .‘:" q ceceracacana
Z,® VA
g -
X3 (k2) X3 (ks) x3(k2)
(a) (b) (c)

FIG. 1. Quark-squark loop corrections to the coupling of a pair of LSP’s Zooa Higgs boson. The LSP momernita and k, point
towards the vertex. Note that both senses of the “Dirac arrdfddw of fermion number have to be added, since the LSP is a Majorana
fermion. There is also a diagram of type with a quark-squark bubble on the other neutralino line. There are two squark mass eigenstates
with a given flavor.

pointed out in Ref[9], this correction can be quite signifi- nents become sizable or even dominant, our procedure may
cant. In contrast, we found that the last term in EQb), no longer give an accurate estimate of the loop corrections;

Sc— 634, IS negligible in all cases. however, in this case the loop corrections are in any case
much smaller than the tree-level contributions to the mass
B. Corrections to the couplings splittings and couplings of interest to us, so that we again

only make a small error.

At the tree level theZy 9x 9 coupling is proportional to . . . .
the tree-level contribution tes; this coupling largely deter- ;gﬂ% dlagtjrams of Fig. 1 can be described by the effective
1X 1 vertex

mines the annihilation rate of Higgsino-like LSP’s. However,ZX
at the one-loop level one has to include the explicit vertex
correction diagrams of Figs.(d and 1b) as well as the

(off-diagona) wave function renormalization diagram of Fig. u ) 39 212 4b) L N2 12 (D)

1(c). We compute these corrections in the limit where the 6l'zz7=—i 82Coyy [(NTh5 65"+ N 55) v ys
lighter neutralinos are exact Higgsino; at the end, we include

mixing by simply multiplying the correction with the rel- +(N§3hr2)5§,b)+ Nﬁhféﬁ))(k’l% K&) ys], (11)

evant Higgsino component of the eigenstates. This procedure

greatly simplifies the calculation. In this limit the only non-

vanishingZ-neutralino coupling is the off-diagonm'i('(l)}'g

coupling, and so we do not need to include any diagonayvhereN;3 and Ny, are the third and fourth components of
wave function renormalization diagrams. Note also that theréhe LSP eigenvector, arki andk, are the momenta of the

is no vertex counterterm, since Yukawa couplings do notwo neutralinos. We use the tensor decomposition of the
renormalize gauge couplings at the one-loop level. Our prothree-point function as given in Rdf16]; this form is con-
cedure will give reliable results as long as the gaugino comvenient for the case of two equal external masses. The coef-
ponentse; ande, in Egs.(6) are small. When these compo- ficients 8, , of Eq. (11) can then be written as

~ . ~ 1 ~
éé:”=[ca,q+cv,qcoszea>][<m§g—kl-k2>cz+<q1>+<m§g+k1-kz>cz (Gy) + C3(Gy) + Mol 5 Co(Gy)—2C7 ()

1 - — . —
t5 méco(%) +[Ca,q_Cu,qCOizea)]{(m%_k1' kz)CQ(q2)+(m§3+ ky-k2)C3 (T2) +C3(Ty)

L (1 s
+ Mol 5 Co(d2)—2C; (qy)
1

1, 1
+ > mgCo(d1) | — > Caq™T MGMy0Ca q

X sin(265)[ Co(G1) —2C7 (4) — Co(G2) +2C1 (42)]

—C0Y2605)[ (—134C08 05+ 4SirP ) C3(T1,Gy) + (13,4SINP 05— €4SinP i) C3(T2,02) ]+ 14SiMA(2605) C3(T1 ,G2)

I ~ ~
— 5 [By(@y) +By(@)]+

mgl — -
ZrﬂzgsimzaanBo(qz)—Bo<ql>] (129
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85V =myo{[Ca g+, qC08265)1[2C; (A1) — Cy (G) 1+ [Ca g~ €y 40 265) [ 2C; (Go) — C ()]
+2c0%205)[(—134C0S 05+ €4Si ) C; (T1,G1) + (1 3,45iM 05— egSint ) C; (G2,02) ]
—214SiMA(265)C; (4y,02)} + MgSin(265){ — 4 4[ C1 (T1) —Cq (G2)1—134C1 (U1,02)}- (12b)

Here we have wused the shorthand notation We also computed one-loop corrections to the LSP cou-

Ck(ai):Ck(S,m~i-0-mq My ,mai), C(a; ,aj)=Ck(S,m§o, pl@ng to the neutra_ll Higgs bosons of the MSSM. Thesfe cou-
1 — 2 1 plings are not so important for the estimate of the relic den-

Mg, Mg;;Mg), and Bk(qi):Bk(m;(l"mQ’mai)' Recall that gty " unless 2ny 0 happens to be very close to or slightly

we use theB, function of Refs[8], which differs from that  |ower than the mass of one of these Higgs bosons. However,
of Ref.[16] by an overall sign. Finally, the couplings in Egs. the exchange of the neutral scalar Higgs bosons often gives
(12) are given by the dominant contributiof17,11] to elastic LSP-nucleus
scattering. One therefore has to know these couplings quite
accurately in order to make a reliable estimate of the event
Cyq= —3l3q+e€gSin Oy, (13) rate in various experiments that search for relic neutralinos.
This is true both for direct detection experiments, which
. . search for the recoil of nuclei struck by ambient LSP’s, and
wherel 3= = 1/2 ande, are the weak isospin and charge of ¢y indirect detection experiments that search for neutrinos
quarkq, respectively. _ . produced by LSP annihilation in the center of the Earth or
‘We note that one obtains a finite result only after sum-gn[18 2): the detection rate of the indirect search experi-
ming over all three classes of diagrams and both squarkyents is proportional to the rate with which ambient neutrali-
eigenstates. Similarly, decoupling of degenerate heavyos gre captured by the Earth or Sun, which in turn is pro-
squarks (g, =mg,—) only holds after summation over portional to the LSP scattering cross section off ordinary
all three diagrams and both squark eigenstates. However, theatter.
very last contribution tosgq) , Eq.(12a), is by itself finite and At the tree level a pure Higgsino state has no couplings to
shows the proper decoupling behavior. In fact, it closely reHiggs bosons; these couplings originate from the Higgs-
sembles the correctiong;; and 8,4 of Egs. (2¢) and (2d). Higgsino-gaugino interactions in the supersymmetric La-
Indeed, these two terms come from the same two-point funcgrangian. This also implies that the wave function renormal-
tion diagrams; see Fig.(d). We can therefore include these ization diagram of Fig. () does not contribute hefewe
terms either explicitly in8{¥) or via the mass matrix correc- therefore only have to evaluate the explicit vertex corrections

tions &35 and 8,4, where they change the quantiey given  of Figs. 1@ and Xb). _ .
in Eq. (70); recall that this quantity determines the “tree-  Their contribution can be described by the effective ver-

1
Caq=12l3g:

level” Zx 9x $ vertex[12]: tices
_ 3
16T 7= —1 752 (NiNT0, + hENL,,), (159

Fp,tree_ H

2 _ N2
ZxXx 2 coy ¥*¥5(N13— N1,

' 3
167wz =~ 162 ¥s(iNis8h’ +hiNE,8R)), (15D

y7a

where ¢ stands for the light neutral scalaf or the heavy
neutral scalaH® andA is the pseudoscalar Higgs boson. The

where the(uppe) lower sign is for the symmetriGantisym- coefficients in Eqs(15) can be written as

metric Higgsino state, i.e., for negativgositive u. To-

gether with Eq.(7¢), this sign ensures that the sign of the

correction to theZy 9 9 coupling is independent of the sign  *There are wave function renormalization diagrams where an ex-
of w. This can also be seen from the last contribution toternal Higgsino is converted into a gaugino, which then couples to
5gq) , of course, keeping in mind that the LSP mass is alway$he Higgs boson and the second_ Higgsino. This gives contrizbutions
positive, independent of the sign pf see Eq(9). We find  Of order (3/16r%)g*h,m /M, which can be interpreted 3(hy)

that this term usually gives the dominant contribution tocorrections to the tree-level coupling, “which is of order

59 moreover, thes®® are usually quite small. One can 2Mw/M2. However, unlike our correctionsss and b, this only
p .corrects an entry in the neutralino mass matrix that is already non-

therefore get a rough estimate of the size of the loop ContrlEero at the tree level, and will therefore change the LSP couplings

butions from thg dlagrqms Of_ Fig. 1 by S'mP'Y dlagonaIIZIngto Higgs bosons by at most a few percent. In our case these correc-
the mass matrix(1b), including the correctionsss; and  ions are further suppressed since we are interested in a Higgsino-
44, and using the “tree-level” vertex of Eq(14). Of jike LSP, which(for tang#1) impliesM,,M,>|u|; diagrams with

course, one must not InC|Ude thIS correction bOth n the masmternal gaugino lines are then Suppressed by the |arge gaugino

matrix and in&{® . masses.
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(a)

+2mgomgl Co(Gy) + Co(T2) — 2C1 (@) — 2C7 (T) I} + ¢

281

hgr _ _
=" {SIn(20g)[ (g + MG+ mZo) Co(Gy) — 4meoCy (Gy) — (MG + M-+ M) Col(Gy) + 4meoCy (G)]
‘/_ 2 Xl Xl

1[mqsm(29 )Co(q1,q1) +2my 0C1(q1,q1)]

+ o d — msin(265) Co(Ta,Gz) + 2MyoCy (Tz,G2) 1+ 2651 myco8265) Co(Ts, o), (163
L 2,2 2. o~ 2, 2 2 ~ ~
Op = {S|n(29a)[(mq+m;2_mﬁl)co(%)_(mq"'m;g_maz)co(%)]"'Zm;fl’mq[co(Q1)+Co(QZ)]}
+2¢8 I mCo(T1,8) + 2my, 0sin(265)Cy (1,02) - (16b
|
Here we have used the same notation for the arguments of sing for u
the C functions as in Egs(12). The coeff|C|entsr(q) and c% 12—— (rﬁAq M) o for d)’ (18f)
(a) B
ra’ describe the Higgs couplings to quarks; they are given
by [13] where
sina cosy i
riv=——=—, rg=———, r¥=—cotg, rr(g):_C(_)S‘X r,gt)zs?na
sing sinB H sing’ 'h sing’
(by_ _ COs¥ (b>=5iﬂ (b)— _ 1 (b) sina 1 (b) Cosx
rHO CO$ ' I’ho CO$ ’ rA tangi (17) rHo = - _CO$ , rho = - _CO$ . (19)

where « is the mixing angle of the neutral scalar Higgs
bosong13]. Finally, the coefficients”) andcl"), describe

The A, also appear in the squark mass matrices of Egs.
(3), and l34 and e, again refer to the weak isospin and

the couplings of one Higgs boson to a pair of squarks; thegharge of quarlg. Finally, the Yukawa couplingd, have

are given by[19]

c(HO) gMzcoq a+ B)

U= g [13,4COS 0 — €4Sin? f,cog 2 65) ]
?\/In\:\,q (q) thij;gq) (r (q)A +fHo /.L) (183
C%Hf;: - w%jmsimzea) eqSIN? Oy — I%q}
~ hqco‘s(&zﬁa) (r DA+ @), (18b)
= %ﬁ [13qC0S 0 — eqSin’ fwCos 20) ]

gmq M( WA+ w), (189

MW V2
(h%) _ gMzsin(a+p) 9 . _ |3,q
C12= T codw SiN(265)| eqSinby >
h,coq42653)
q e (r@
- (1, {A 1 (18
3 ( hO M) d

ci’),= &) (cospg— sindg , sindg— — cosd), (189

been defined in Eq4).

Note that the pseudoscalar Higgs boson has no couplings
to two equal squark eigenstatgls3].

We note that in this case the diagrams of the type shown
in Fig. 1(a) are finite by themselves once one has summed
over both squark eigenstates, and the diagrams of Fig. 1
are separately finite for each combination of squarks in the
loop. Notice also that this last class of diagrams is propor-
tional to the Higgs-squark-squark couplings, which receive
contributions from theA, parameters; these couplings can
become very larg€19].

As noted earlier, we use th€ functions of Ref.[16].
However, there is a technical complication. When estimating
the LSP relic density, we need to evaluate these functions at

2 : .
s=4m;o, whereas LSP-nucleus scattering cross sections
1

probe these functions at=0. The expressions for the higher
C functions given in Appendix C of Ref16] contain appar-
ent divergencies ioth these limits. We stress that the loop

. . 2
functions themselves remain well behavedsas4m)~(o or
1

s—0; the apparent divergences in the expressions of Ref.
[16] therefore all cancel. In fact, even the standard expres-
sion for the scalar three-point functi@y, contains apparent
divergences in the kinematical configurations of interest to
us. In the case ofc, the necessary cancellation between
different terms can still be accomplished numerically by
slightly increasing or reducing. However, for the higher

C functions these cancellations become quite delicate. We
therefore reevaluated the relevant Feynman integrals for the
two cases of interest to us. In both limiting situations @e
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functions can be expressed as combinations of two-poirAms;. We are aware that this parametrization of the LEP
(B) functions; all coefficients are now finite. The relevant search constraints is only a crude approximation, but it

expressions are collected in the Appendix. should be sufficient to illustrate the effects of the loop cor-
rections.
Il. RESULTS We have seen in the previous section that these correc-

tions depend on the details of the top squark and bottom

We are now in a position to present some numerical resquark mass matrices. In particular, the correctiégpsand
sults. We focus on light Higgsino-like statesio<My,  §,, to the neutralino mass matrix are proportional to
since heavier LSP’s have very large annihilation cross secsin(20;), [see Egs(2c) and(2d)]; these corrections also van-
tions intoW andZ pairs[20,5]. A heavy Higgsino therefore ish in the limit of equal masses for squarks of a given flavor.
only makes a good cold dark matt@2DM) candidate if its The combination of these two properties means that the cor-
mass exceeds 0.5 TeV. This is already uncomfortably heaviections depend sensitively on the size of the off-diagonal
for “weak scale” supersymmetry; for example, assumingentries of the squark mass matri¢8s Moreover, the poten-
gaugino mass unification, the gluino mass has to be largdfally largest correction to the LSP—Higgs-boson coupling,
than 3 TeV in such scenarios. In fact, the annihilation crosgoming from the diagram of Fig.(f), directly depends on
section intoW"W™ final states is so large that it can be the A parameters appearing in the squark mass matrices.
relevant even if the LSP mass is a little beldw,. Such  Third generation squarks also contribute to other loop pro-
“subthreshold annihilation” can occur since at freeze-outcesses. This imposes some constraints even on combinations
the LSP’s still have significant thermal energy. We includeof parameters where all squark mass eigenstates lie well
this effect forw*W™ and alsch®h® pairs in our estimate of above the direct experimental search linj2§,27.
the LSP relic density, using the formalism developed in Ref. In Ref.[9] thet-b loop contribution to the electroweak
[7]. We also use a careful treatment ®thannel polesZ parameter was emphasized. However, given that a “new
and Higgs boson exchange diagranas pointed out in Ref. physics” contribution §p=3x10"2% is not excluded by
[7], the standard expansion in the LSP velodity breaks present dat§27], we find that other loop corrections lead to
down in the vicinity of such poles. We use the numericalstronger constraints. In particular, loop corrections to the
method developed in Ref21]. mass of the light neutral Higgs scalaf turn negative when

In order to illustrate the effects of the loop corrections onA; becomes too largg28]. One important constraint there-
the LSP couplings to Higgs bosons, we also present resulfere comes from searches for the MSSM Higgs bosons at
for the LSP counting rate in an isotopically pufGe detec- LEP [27].
tor, assuming a fixed local LSP mass density of The constraints we have discussed so far do not depend
0.3 GeV/cni [22] and a velocity dispersion of 320 km/sec. on the masses of the other squarks and are therefore quite
Nuclear effects are described by a Gaussian form factor, witimodel independent. If we make the additional simplifying
a nuclear radius of 4.1 fri23]. Of course, we could just as assumption that all explicitly supersymmetry-breaking diag-
well have used any other spinless isotope. The scattering rateal squark masse[sm?L, MY and M, in Egs. (3), and

due to spin-dependent interactions is affected by the looRnalogous quantities for the first and second generation
corrections to th&zoyo coupling, but this correction is usu- squarkg are equal at the weak scale, we find that the stron-
ally somewhat smaller than that to the LSP—Higgs-bosorgest constraint on the parameters of the top squark mass
couplings. Note that the total scattering cross section offnatrix comes from the recent CLEO measurem@®] of
heavy nuclei is usually dominated by the spin-independenihe branching ratio for inclusive— sy decays:
contribution even if the nucleus in question does have non-
vanishing spir24].

Since we are interested in scenarios with a rather light 1x10 *<B(b—sy)<=4x10 % (21
LSP, we have to be careful not to violate any experimental
bounds. The most relevant constraints on the parameters ap- _ ) _ ) )
pearing in the tree-level neutralino mass matrix comes frong'nce we are studying scenarios with rather light charginos,
chargino searches at LER5]. Unfortunately, these bounds chargino—top-squark contributions to this partial width can
are not entirely straightforward to interpret in our case, sincd€ quite largd30]; they can be of either sign, depending on
the standard set of experimental cuts used to suppress Sie signs ofu andA;. However, the resulting constraint is
backgrounds becomes quite inefficient in scenarios witdnore model dependent: If one allows some nonuniversality

small Amy=ms = —myo. Note also that the cross section for of soft breaking squark masses, one also gets contributions
1 1

. L : . from gluino-squark and neutralino-squark loof&0], the
the production of Higgsino-like charginos is smaller than forSize of which depends strongly on the details of the entire

ignzuglno like states. We interpret the LEP bounds as €Ul ree generation squark mass matrices. For definiteness we

will stick to a scenario with exactly universal soft breaking
squark masses, and with=A,=A, with the understanding
that the constraints that result from imposing the bou@ds

(20 can be relaxed in slightly more general models without sig-
nificantly changing the loop corrections to the masses and
couplings of Higgsino-like states.

The second bound comes from the measurement of the total In Fig. 2 we show the dependence of various quantities

width of the Z boson[27], and thus holds for any value of relevant to our subsequent analysis, normalized such that

_ 75 GeV, Am;=10 GeV,
M:=145 Gev, Am;<10 GeV.
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L e W I trix elements, eté.Notice that the “low estimate” can be
g zero. This happens if the contribution from spatrticle loops is

larger than that from the standard/ loops and has oppo-
site sign, reversing the sign of the complete matrix element

at scaleM, or m;. Renormalization group effects give an-

other contribution from tree-levélV exchange due to opera-

tor mixing; this contribution is not sensitive to any “new
] physics.” In the SM this term has the same sign as the loop

: 350 Gev ,L:tf:oﬁ:cl;: matrix element at scalély, leading to a large QCD en-
-2 mg=430 GeV, my=1.5 TeV ] hancement factor, but in the MSSM these two contributions
PN IS IR BN B I can cancel. For a fixed renormalization scale this cancella-
-3 = -1 0 1 2 3 tion only happens at specific points of supersymmetry
A/mq (SUSY) parameter space, but perfect cancellation becomes
possible for an entire range of parameters if the renormaliza-

FIG. 2. Chargino-LSP mass differen¢solid ling), the axial-

~ ; . tion scale is allowed to vary.
vector Zy 9x 9 coupling (long dashed lineand theh® Yy 9 cou- ‘ , . .
pling (short dashed lineas a function of the soft breaking pa- We note that for the given sign gi, the branching ratio

rameter, including one-loop corrections involving Yukawa fOr inclusive b—sy decays tends to be belo@bove the
couplings. “Low” and “high” leading order estimates for the SM prediction ifA is negative(positive). In order to be con-
branching ratio for inclusive radiativie decays are also shown; for servative, we only exclude combinations of parameters
our assumption of exactly universal weak scale soft breaking squarhere the “high” theoretical estimate is below the lower
masses, this gives the strongest constraint#\dn the region of  bound, or the “low” estimate is above the upper bound,
interest, as discussed in the text. All quantities have been rescalegiven in Eq.(21). For the parameters of Fig. 2 this translates
as indicated. into the constraint —2.7<A/mz=<2.65, which is only
slightly stronger than that resulting from Higgs searches at
LEP. Within this region,dp75=<2.2x10 3.
they can be plotted to a common scale. We fixed The solid curve in Fig. 2 showsmy; (divided by 5 GeV
=350 GeV andu= — 70 GeV, which means that the LSP is to fit the scal@ The tree-level prediction for this quantity for
a more than 99% pure Higgsino; we define the Higgsindhe given choice oM,, u, and tag, 14.5 GeV, is very close
fraction as 1 gaugino fractior-1— (e5+ €3); see Eqs(6).  to the loop-corrected value féx=0. We see that the correc-
We chose tai=1.5 so that the top Yukawa coupling is close tions can either increase or decrease the chargino-LSP mass
to its upper bound, if one requires it to remain perturbativelysplitting by about 4 GeV before one gets into conflict with
small all the way to the grand unified thedi®@UT) scale, on  the constrainf2l). In this case the loop corrections therefore
the other handp-b loops are essentially negligible for such only amount to at most 30%; however, we will see below
a small value of taf. We took a very large mag4.5 Te\) that t_hls sm_Jfflces to c_:hange the prediction for the LSP relic
for the pseudoscalar Higgs boson, since this maximizegen‘?"ty quite dramatically. .
mpo and, hence, minimizes the impact of the LEP Higgs Finally, the long and short dashed curves in Fig. 2 show

i 0
boson search bounds. This also means that charged Hig ei (;i?i\c/zllem Eigf'i?%ifiﬁfectjh:s%i?:a;%l 3ggt2r c%?JS(I)irr:S’at
boson loop contributions to tHe— sy partial width are neg- P YOz ping

ligible. Our choice of 430 GeV for the common soft breakingS=4m;2(-rl), while Iy %0 is defined ats=0. As in case of

squark mass is again motivated by our desire to maximize m-, the tree-level predictions for these quantities are very
the size of the loop effects, given the experimental congiose to the loop-corrected values/at=0. We see that the
straints discussed above. Increasing for fixed A/mg  relative variation in LSPZ coupling is larger than that in
would reduce the ratio of physical top squark masses, whichm-, whenA is varied over its allowed range. Note also the
leads to reducettt loop corrections. On the other hand, we positive correlation between these two quantities, which re-
cannot increasé\/mg beyond the limits shown in Fig. 2 inforces the correlation between smallmy and small
without violating some experimental bound. Finally, heregzy(cm that holds for Higgsino-like LSP’s at the tree level,

and in the subsequent figures we assume gaugino mass Ugke Eqs(7c) and (10b). A similar correlation also holds for
fication, Eq.(8). the loop-corrected coupling of the LSP to the light scalar
The curves in Fig. 2 terminate at valuesAfwherempo  Higgs boson, as shown by the short dashed curve. However,
falls below the LEP bound of about 62 GeV; note thtis in this case the tree-level prediction is very smajlzoz0
essentially indistinguishable from the single Higgs boson of_ 5. 10-3. This can be understood from Eq&a) and
the SM if mi>MZ. The two dotted curves show a “high” (7p) and the general expression for this coupling given in
and “low” theoretical estimate foB(b—sy), scaled up by Ref.[13]:
a factor 16. Our estimates are based on a leading order
QCD analysid 30], which has substantial scale uncertainties
[31]; the band in Fig. 2 corresponds to varying the renormal-
ization scale between 2.5 and 10 GeV and also includes un
certainties from Cabibbo-Kobayashi-Maska@@KM) ma-

“Very recently an almost-complete next-to-leading order calcula-
ion of B(b—sy) in the framework of the MSSM has appeared
[32]; their result falls within our band.
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1 (S,A) (S,A) . 30 T — —
Gnox9%9 tree= — = [(gex™™ —g'€;7")(sina £ cox) ] I mg=430 GeV, 2.5<|A|/m<2.75, tang=15

V2 25 [-m,=2 TeV, mg=70 GeV, u<0

4 gMy 20 b
__ 2 W [
=z (sinB+cosB) M, (22 ‘

15 [

5 [GeV]

where g’ =g tand, is the U(1), gauge coupling, and the 10; ]
upper (lower) signs again hold for the symmetriantisym- s 7 ke _-
metric) higgsino; in the second step, we have used the “uni- : -7 (@) 1
fication condition” (8) as well as the relatiom=8— 7/2, 0 "1'0'_'3 B "16'_'2 —— "16"_1
which holds form3>M32. For the quite small value of tgh gangino fraction
used in Fig. 2, this gives a strong cancellation in the coupling
of the symmetric Higgsino-like state, which is the LSP for EAARAAY T
u<0. As a result, the one-loop correction can easily domi- I
nate over the tree-level contributid@2). This leads to the
behavior shown in Fig. 2, where the coupling changes sign at
A=—-0.8mj.

In Figs. 3a)—3(c) we show the chargino-LSP mass split-
ting, the LSP relic density, and the LSP detection rate in a g,
"8Ge detector as a function of the gaugino fraction of the G
LSP eigenstate. We have again chosen=430 GeV, tap S :
=1.5, and a large value aoh,. Note that, unlike in Fig. 2, L a<o /7 (v) 1
the physical LSP mass has been kept fixed in Figs. 3; the 103 Ll e VL N
value of 70 GeV chosen here is close to that which maxi- 1078 1072 1071
mizes the estimate of the relic density. Sinogo is kept gaugino fraction

fixed, bothM , and the tree-level paramete(|u|) vary along T — ——
the curves; e.gM, lies between about 150 GeV and 1 TeV, : A - -—" 77
with larger values oMM, corresponding to smaller gaugino — -
fractions: see Eqg.7a) and (7b). In order to maximize the
loop effects we have also varied theparameter slightly. In
the region of relatively smalM,, i.e., large gaugino frac-
tion, the light chargino is somewhat heavier, as shown in Fig.
3(a); this reduces the absolute size of thg™ loop contri-
butions to theb— sy decay amplitude for fixed, which in
turn allows us to go to slightly larger values |@| without
violating the boundg21). I L
We show three curves in each of Figs. 3. The dotted 10 10-3 10—° 10—1
curves labelled “no loops” have been obtained by switching gaugino fraction
off the loop corrections discussed in Sec. Il. However, we
keep quark-squark loop contributions to the mass matrix of FIG. 3. Chargino-LSP mass differen@, the LSP relic density
the scalar Higgs bosori83,28, as well asj loop contribu- O5h?, (b), and the expected LSP detection rate iff@e detector
tions to thehogg coupling andg- loop contributions(box (c), as a function of t_he gaugino fraction, defined as the sum of the
diagrams to the LSP-gluon coupling34,11. These correc- squares of the gaugino components of the LSP eigenvector. These
tions depend only weakly on the sign &f however. On the results are for a fixed LSP mass, so that bdth and n. vary along
other hand, the signs of the corrections discussed in Sec. me teXt'.Furtherlg\'f has bsent i%%reéiss‘i frclmT1 r2\|/a7to 2.5mg as
are essentially fixed by the sign &f as shown in Fig. 2. In 2 Was Increased from abou evio L Tev.
Fig. 3 we therefore show results both for posit{gelid) and
negative(dashed A, keeping|A| fixed. Since we chose pa-
rameters close to those that maximize these loop correction
the band between the solid and dashed curves in Figs. 3
and 3b) roughly indicates the range that can be covered b’-yg

m~r—m
\

1073 -

1074 -

rate in "%Ge [evts/(kg day)]

which shows that the tree-level and loop-induced contribu-
jons to Amy, are independent of each other as long as the

SP is a Higgsino-like state.

The results of Fig. @) show that in the region of high
iggsino purity the relatively modest loop corrections to
m; can change the estimate of the LSP relic density by
more than a factor of 5. The reason is that here the relic
The results of Fig. @) show that loop corrections can density is essentially determined by coannihilation processes

change the chargino-LSP mass splitting by about 3—4 Ge\f]: which d.epe.ndexporleglwtlﬁllyon the mass splitting7].
in either direction, as already indicated in Fig. 2. Note thatOur calculation includeg ;x ; coannihilation intoff’ and
the absolute size of this correction is almost independent oy final states through exchange and 3x'$ coannihila-
the gaugino fraction. This can be understood from @Qb), tion into ff final states througZ exchange, wheré stands

changing the parameters of the squark mass matrix, for fixe
values of the parameters appearing in the tree-level chargi
and neutralino mass matrices.
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for any SM fermion other than the top quark. As is usually 26
done, we show results for the LSP mass density in units of [ mg=430 GeV, |A|=2.5mg
the critical or closure density)3=p30/p., multiplied with go [ TR TeV, mgm68 GeV

the square oh, the Hubble constant in units of 100 km/
(sec Mpg; a conservative range fdr is 0.4<h<0.9, with
recent measurements clustering around 0.5489. One
needsQ;hzzo.OZ—0.0B if the LSP is to form the bulk of the
galactic dark matter halos arf#;h?=0.15 if the LSP is to 7 ]
form all CDM in models[36] with mixed hot and cold dark 5.7 7 -
matter. The results of Fig.(B) show that, ifA is large and L7 @ ]
positive, a 99.9% pure Higgsino state can form galactic ha- 00 005 o1 o015 oz o025 os
los, and a 99.5% pure Higgsino might form all CDM. On the gaugino fraction
other hand, ifA is large and negative, one will need at least
1% gaugino fraction, correspondingég,~0.1, even for the 100 M I N I I I
LSP to be able to form galactic halos. E
Note that the curves in Fig.(B) cross over in the region
where the gaugino fraction exceeds several percent. Here the
mass splitting between the Higgsino-like states becomes so
large that the relic density is again determined by the usual
X Cf} (1) annihilation processes, which in our case mostly pro-
ceed through virtuak exchange. We saw in Fig. 2 that the
loop corrections increas@educe the Zy 9x 9 coupling if
A is positive (negativg. As a result, the curve foA>0

—
tang=1.5

: _ - —:

of .

mg—mgp [GeV]

10-3 AP B | N B

reaches its maximum already at a rather small gaugino frac- 0 005 01 015 o0z 025 03
tion; in this case, the LSP can form all CDM if 180 GeV gaugino fraction
<M,=<340 GeV. In contrast, the curve fér<0 reaches its

maximum at larger gaugino fraction; here, the LSP can from 0500 e T T

all CDM only if M, falls in the narrow window between 160
and 195 GeV.

In Fig. 3(c) we show estimates for the LSP detection rate
in "%Ge, ignoring possible energy thresholds and assuming a
fixed local LSP mass density. In this case the loop correc-
tions discussed in Sec. Il can increase the tree-level result by
more than two orders of magnitude. This is largely due to the

0.100 F

0.050 |

rate in "%Ge [evts/(kg day)]

small tree-level value ogh;g;g for the given case of a sym- 0010 7
ri 7 c) 1

metric Higgsino-like state; see E2). The turnover in the RS A I D B A T

region of sizable gaugino fraction is caused by mixing with 0 005 01 015 02 02 03

the B-ino-like neutralino: note that near the end of the curves gaugino fraction

shown in Figs. 3M, and|u| are already quite close to each

other, and so the expressi¢re) for €, is no longer reliable. FIG. 4. As in Fig. 3, but for positive sign of; aiso, |A| has

. : . been kept fixed in this figure, amd;o has been reduced by 2 GeV,
We emphasize that in this case the band between the SO|IC? P g X Y
In order to be closer to the region of parameter space where the

and dashed curves mta good estimate of the variation of prediction forQ=h? is maximized.
the expected counting rate when the parameters of the top
squark mass matrix are varied, since for lafg¢ the loop ) _
corrections dominate over the tree-level contribution to Recall that we do not rescdl@8] the event rate in regions

gn7o50, as shown in Fig. 2. The total scattering rate can bef parameter space leading to a very small LSP relic density;
171 . . had we done so, most of the curve 20 would have been
made to vanistexactly for moderately negative values of - ;
below the one for positivé,, as can be seen from Fig(3.

A; this is related to the change of agngﬁ;g;g observed in Finally, we saw in Fig. 2 that for fixefA\|, the absolute size

Fig. 2. Note that the scattering rate can vanish even for quitgf g, ~o~o is somewhat smaller foA<0 than forA>0. We
moderate values of all sparticle masses. This illustrates that iteve:tlr:éless find a sliahtly larger scattering rate et 0
is impossible to give a strict lower bound on the expecte gntly larg 9 ’

: s artly because this also gives a slightly smaller value for
LSP detection rate even within the MSSM. Of course, there .y o gives gntly
myo; the h” exchange contribution to the LSP-nucleon scat-

is no a priori reason for such a cancellation between tree- ™ , . 2 .
level and one-loop contributions to occur; indeed, over most€ring matrix element scales likgnyoyo/myo. Destructive

of the parameter space the loop correctiongeasethe ex- interference with various squark loop diagrafisl] also
pected event rate. However, even the most optimistic estiplays a role here.

mate in Fig. 8c) is still several orders of magnitude below In Figs. 4a)—4(c) we show results similar to those of Fig.
the sensitivity of present experimen7]. 3, but for positive sign of the Higgsino mass parameter
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The choices for the other parameters are very similar to those my=430 GeV, m,=1.5 TeV, tang=1.5, |A|=2.5my
in Fig. 3, except thaf is now fixed along each curve. For 1000 A |
this rather small value of tah flipping the sign ofu has ]
quite dramatic effects, as already anticipated in our discus- BOO = ]
sion in Sec. Il. In particular the gaugino fraction of the LSP [ - ]
for fixed values ofM, and |u| has become much larger.
Conversely, one has to go to much highds in order to
achieve a given level of Higgsino purity; in Fig. ¥, varies
between about 0.3 and 1.3 TeV. This also implies that for 400 = cr

—
[ (a) No loops

600 -

M, [GeV]

Excluded
........ by -
given Higgsino purity the chargino-LSP mass splitting is I I I ]
smaller foru>0 than foru<0; see Eq(10b). On the other [ v y,f’nh“=o4 ’
hand, Fig. 4a) shows that the size of the loop contributions R0 o 8o —eo 0
to this mass splitting is essentially independent of the sign of u [GeV]

M, as long as the gaugino fraction is small. Note that for
positive u, Amy; can be below 10 GeV for a gaugino fraction
as large as 12.5%¢( ,~0.3); this will have ramifications for
chargino searches at LEB]. 800 [

The smallerA ms;, for fixed gaugino fraction also implies a I
greatly reduced relic density, due to enhanced coannihilation
rates. This is illustrated in Fig.(B). The increased impor-
tance of co annihilation also helps to explain why the curves
in this figure do not cross, in contrast to those in Fif)3 400 |- Shuer
Another reason is that in the region of sizable gaugino frac- I P
tion, e3 is smaller for positiveu; this is due to nonleading I w0027 guefito ny .LEIP .
O(M; ?) terms not included in Eq7c), which become quite 200, 00 -80 -60 —40
important when the gaugino fraction exceeds several percent.  [GeV]

Indeed, for the largest gaugino fractions shown in Fig. 4, our 1000 e
treatment of the loop corrections to the couplings of the LSP [ () 450 |

may no longer be entirely reliable, as discussed in Sec. Il; i iCR=2.5:10""
however, as anticipated in the same discussion, the relative 800 [~ 4
importance of the loop effects decreases with increasing -
gaugino fraction.

This is also true for the estimated LSP detection rate L.
shown in Fig. 4c). For the smaller gaugino fractions shown L g
in this figure, we find that the loop corrections can change 400 — ) Py
the estimate by a factor of about 2 in either direction, DA A LEP
whereas for large gaugino fraction the loop effects amount to [T A NG L
at most 30%. We note again that, had we rescaled the event -100 -80 -60 -40
rate for scenarios with small LSP relic density, the loop ef- b [Gev]
fects would have been even more important in the region of FIG. 5. In the region of théu<0, M,) half-plane correspond

i o ) . . . 5. ©<0, M, 3 -

thfl}gh nggsmo pur_lty. Finally, no'ge that in the. regron Wher? ing to a Higgsino-like LSP, we show contours of consté?qth2

gaugino fraction exceeds 5% the counting rate in Fig - . ;

) . . “(dashed lingand contours of constant LSP detection r&@e) in a

4(c) exce_ed$ that in Fig.(8) by almost an order of magni- 75, detector, in units of evenfsly day) (dotted and dot-dashed
tude. This is due_ to the r_nuch Iar_ger _tree-level value OfIines); note that the values on the latter contours are differentgor
Iy %0 for the antisymmetric Higgsino-like state; see Ed. (no Yukawa loop corrections (b) (A<0), and(c) (A>0). The
(22). Since now the tree-level value exceeds the loop correcegion to the right of the solid line is excluded by our interpretation
tions, we find smallerlargen counting rates for negative of the LEP chargino search limit, as discussed in the text.
(positive values ofA.

As a final illustration of the effects of the loop corrections rate in a "®Ge detector, measured in evefkg/day; as be-
to the masses and couplings of Higgsino-like states, we shofore, we have assumed a fixed local LSP density when cal-
in Figs. 5a-5(c) the “geography” of the well-known culating the counting rate.

(M, ) plane in the regionM,>|u|, ©<0. In Fig. 5a) We see that, depending on the signAgfloop corrections
these loops have been switched off, while in Figd)®nd to the chargino and neutralino mass matrices can signifi-
5(c) they have been included witA=—2.5mz and A= cantly reducéFig. 5(b)] or increasgFig. 5(c)] the size of the
+2.5mg, respectively. In each case the region to the right ofregion that is excluded by chargino searches at LEP; this is a
the solid line is excluded by the LEP chargino search limitdirect result of the change iAm; depicted in Fig. 8a).

(20). The long and short dashed curves are contours of corBimilarly, the loop corrections can increase or decrease the
stant LSP relic densitﬁ;h2=0.025 and 0.1, respectively. region where the LSP is a good CDM candidate; recall that
The remaining lines are contours of constant LSP detectiom;hzzo.ozs is required if LSP’s are to form the bulk of

LEP

1000

600 [~ S =8x10~9

M, [GeV]

=

Excluded

Excluded

600 - ¢ ’

M, [GeV]
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galactic dark matter halos. Finally, we again observe a dradensity and on the direct LSP detection rate, assuming the
matic change of the expected LSP detection rate due to rd-SP to be Higgsino like. The relic density is in this case
diative corrections. Note that this rate changes only veryften determined by coannihilation processes, the rate of
slowly in Figs. 8b) and Sc), whereas at the tree level one which depends exponentially on the mass splittings between
expects a significant dependenceMp; see Fig. £3). the Higgsino-like states. Yukawa loop corrections can there-
We note in passing that results similar to those displayedpore change the tree-level prediction by a factor-e6 in
in Figs. 3 and 5 can also be obtained in the framework of &ither direction. This reintroduces a state with more than
recently proposed/39] model with nonunified gaugino ggg Higgsino purity as a viable cold dark matter candidate,
masses and a Higgsino-like LSP. This model attempts & St ihe corrections to the mass splittings are near the upper end
persymmetric interpretation of an event with @he™ pair, ¢ iheir allowed range. Ift<0, the effect of loop corrections

two hard photons, and missing transverse momerggme- - : :

. on the estimated LSP counting rate is even more dramat-
ported_ by th_e CDF C;ollaporat!oh40]. The prospects for ic: The predicted rate might increase by two orders of mag-
detecting relic neutralinos in this model have recently been

studied in Ref[41], using tree-level results for the neutralino mtude_, but it m|ght also be exact_ly zefior spinless nuclej
mass matrix and LSP couplings. We expect that loop correcSVe" if all sparticle masses are in or below the few hundred
tions of the type discussed here can modify some of thes eV range. Clearly effects of this size have to be included in

estimates significantly. However, searches for additionaf"y duantitative analysis of the properties of Higgsino-like
events with two hard photons and missipg failed to find ~ dark matter. . , o
additional candidatef42]. We therefore do not study this ~ We conclude with some remarks regarding the viability of
model in any further detail. models with a Higgsino-like LSP. Within the framework of
As stated earlier, in this section we have fixedgard.5  Minimal supergravity modelp43], which assume universal
in order to maximize the top Yukawa coupling. Increasingscalar masses as well as unified gaugino masses at the grand
tanB will reduce the size of all top-quark—top-squark loop unification scale, a Higgsino-like LSP is possible only if
corrections, which scale like 1/gj. At the same time, it tar/8>1 and if scalar soft breaking masses are significantly
will increase the diagonal tree-level coupling of thdboson  larger than gaugino masses. Since gaugino masses in turn
to the LSP, by increasing the quantiéy in Eq. (7c). This  must be considerably larger thdp| for the LSP to be
will reduce the estimate of the LSP relic density in the regionHiggsino like, naturalness arguments favor a very light LSP
of parameter space where coannihilation effects are sulin such a scenario. On the other hand, the parameter space
dominant. Finally, if tap>1, loops involvingb (s) quarks leading to a Higgsino-like LSP opens up considerably if one
can also become relevant. The correctidg still remains  allows the sparticle spectrum at the GUT scale to be nonuni-
small, being proportional tanyhf, but there might be sub- versal. In particular, the predicted value|af can be reduced
stantial new contributions to the vertices. However, the coneither by giving larger soft breaking masses to the Higgs
straint (20) on theb— sy partial width severely constrains bosons than to third generation squarks or by reducing the
the parameter space at largefaforcing one into a narrow  gluino mass compared to the masses of the electroweak
range ofA parameters where the top-quark—top-squark 100gjauginos. We therefore conclude that a Higgsino-like LSP
corrections, .and thus also the total corrections consideregith mass slightly belowM, can be a viable cold dark mat-
here, are quite small. We therefore do not discuss the case gf; candidate, both from the phenomenological and from the
large tar any further. model building point of view.

IV. SUMMARY AND CONCLUSIONS

In this paper we have presented a calculation of loop cor- ACKNOWLEDGMENTS
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from the tree-level estimate; the loop correction to T\h%
—')?Cl’ mass difference is about twice as large. Combinations
of parameters leading to even larger corrections lead to con-
flicts with the measured value of the branching ratio for in-

clusiveb—sy decays and/or with the negative outcome of | Sec. Il we gave general expressions for the one-loop
searches for Higgs bosons at LEP. We also found that for ggrections from Yukawa interactions to tﬁ@cﬁ(’? vertex,
negative sign of the Higgsino mass parameigrone-loop Egs.(12), as well as for theﬁm andA}Z‘f}‘f couplings,
corrections to the LSP coupling @ and Higgs bosons can Egs. (16), in terms of theC functions defined in Ref16].
b.e comparable to or even larger than the tree-level Ccmtribuﬂowever’, as already mentioned in Sec. Il, the expressions for
tions already for quite moderate gaugino masskk, the C functions contain apparent divergences both in the

=200 GeV. L 2 . .
We have illustrated the importance of these loop correch™Mit s—>4m;2 relevant for the calculation of the LSP relic

tions by computing their effect on the estimated LSP relicdensity and in the limis— 0 relevant for the calculation of

APPENDIX: EXPRESSIONS FOR C FUNCTIONS
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the LSP-nucleon scattering cross secfioim case of the ) 1 )
higher C functions, the necessary cancellations become too  Co(0m*,M1,M2,M3)= Zo—r7 [Bo(m*, M1, M3)
delicate for a reliable numerical treatment even if “double- ! 2
precision” variables are used. We have therefore reevaluated —Bo(m?,M,,M3)], (A2b)
the relevant Feynman parameter integrals in these two kine-
matical limits, which allows us to express ti@& functions  Where
appearing in Sec. Il as combinations Bffunctions. These B 5 2 2 2
expressions are collected in this appendix. D=2(m"+M3)—Mi-Ms. (A3)
_ In our notation the scalar three-point functi@h is de- | the limit M,—M,, Eq.(A2b) reduces to
fined as
Cy(Om2 MM M) = — — n ™ M§+m2_M2L
Co(s,m*M;,M,,M fdfdxm +s(x?—x ol OM M,MM3)=—-—=|In =5+ —F—"1L|,
of 1,M2,M3)= y [m?y?+s( y) 2m2 M2 \/m
2 2 2 2 2 (A4)
+y(M5—=M3—m°) +x(M7—M53) )
y , 2 3 ! 2 where we have introduced
+M35—ie] L, Al
s lel (A1) A=2m2(M2+M%)-m*—(M2-M32)2,  (A5a)
this definition coincides with that used in Appendix C of Ref.

[16]. This gives A
v A%
. 2 arcta MZ1 M2 A=0,
Co(4m2,m2, M1, M5, M3)= = [Bo(m?,M;,My) L=1" m2+m2- 2+¢— (A5b)
b In > A<O.
M2+M3—m?——-A"

+BO(m2!M2!M3)
2By (4mE M, M,)] If Egs. (A2) are used foC,, the functionC; defined in
0 L2 D Ref.[16] has apparent divergences onlysat 4m? (we sup-
(A2a) press the imaginary infinitesimati e from now on:

1 y y/2
+ 2 2 —
L 4 . Ma M) == [ oy | On e T
1
:54_? Mg[BO(mZ!MlIM?z)—’_BO(m21M21M3)]+mz[BZ(m2|M31Ml)+BZ(m21M3!M2)]

w3

+T[Bl(mz,MsyMl)_Bl(m21M3,M2)]_[2(m2+M%)‘FM%_Mi]

X Bo(4m?,M1,M,) +2(M3—M?2)B;(4m?,M,,M;) +8m?B5(4m?, M, M) |, (AB)

whereD has been defined in EgA3). Here we have used the highBrfunctions as defined in Ref44]; recall that our
definition of B, differs by an overall sign from that of Ref16].
Similarly, after application of EqgA2), the functionC; contains apparent divergences onlysatO:

_ X—yl2
2 —
C1 (Om,My,M2,M3) fdyJ m2y +y(M5—M3—m?)+x(Mi—M3%)+ M3
1! 1+2M§_NIg B,(M2 M3, M,)—By(m2,M3,M
“ oMM m[ 1(Mm*,M3,M3)—B3(m*,M3,M4)]
2m2 2 2
_W[Bs(m,MsaMz)_Bs(m,Ms,Ml)]
2M
+w[50(m M3,M3)—Bo(m?,M,M3)]—1 (A7)
1

SRecall that Eqs(12) and (16) have been written in a convention where both moméntandk, point towards the vertex. In case of
LSP-nucleon scattering, the sign of one these momenta therefore has to be inverted.
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Note that by constructiofil6], C; —0 asM;—M,.
The functionsC, andC, only appear in theZ vertex, Eqs(12). Moreover, the coefficient in front of, vanishes for

s—>4m)3(o, while the coefficient in front ofC, vanishes fors—0. We therefore only need to consid€; in the limit
1

s—0:
CH(OM2 M, M, Mg)= fld fyd y’l4
2 (0m*,M1,M;,M3)= 0 y o Xm2y2+y(M§—M§—m2)+x(M§—M§)+|\/|§
1 ) )
= amz=m) [Ba(M M3, M2) = Bo(m”, Mg, My) . (A8)
In the limit M;— M, this reduces to
C3(0,m%,M,M,M3)=% [Bi(m%M3,M)+Bj(m?Mz,M)+Co(0,m?M,M,M3)], (A9)

where Co(0,m?,M,M,M;) is given in Eq.(A4), andB|, andB] are the derivatives dB, and B, with respect to their first
argument Similarly, we needC, only in the limit s—4m?:

C; (4m2m2 M, M, My) = fld fyd (x=yi2)
2 (4m5,m°, M, Mo, Ma)== JdY | X ey = 2% 7+ y (MZ—MZ—m?) + x(MZ— M2) + M2

1
=D [B2(m2,M3,M;)+By(m? M3,My) +8B3(4m?, M1, M;) — 2Bo(4m?, M1, M,)],
(A10)

whereD is again given by Eq(A3).
Finally, we note that the divergent functi@ﬂ that appears in Eq$12) can be computed from the general expression given
in Eq. (C4) of Ref.[16], using the results fo€,, C; , andC; collected in this appendix.

50f course, Eq(A9) can also be written as derivative Bf with respect to itdast argument, since all two- and three-point functions only
depend on the squares of the masses appearing as arguments. However, conventionally one only uses derivatives with respect to the firs
argument.
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