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Light relic neutralinos
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The relic abundance and the scalar cross section off the nucleon for light neutfafimoass below about
45 Ge\) are evaluated in an effective MSSM model without GUT-inspired relations among the gaugino
masses. It is shown that these neutralinos may provide a sizable contribution to the matter density in the
Universe and produce measurable effects in WIMP direct detection experiments. These properties are eluci-
dated in terms of simple analytical arguments.
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[. INTRODUCTION parameters, only those necessary to shape the essentials of
the theoretical structure of MSSM and of its particle content.
Most works on relic neutralinos consider supersymmetricThe assumptions that we impose at the electroweak scale are
schemes with a unification assumption for the gauginda all squark soft-mass parameters are taken degenerate:
massesM; (i=1,2,3) at the grand unified theoGUT) g =ny; (b) all slepton soft-mass parameters are taken de-

scale Mgy7~10'° GeV. This hypothesis implies that at generatem; = ; (c) all trilinear parameters are set to zero

lower scales the following relations hold: except those of the third family, which are defined in terms

My My Ma=ay ay as, (1) of a common dimensionless parame@eA5=A~tEAma and
A;=Any . As a consequence, the supersymmetric parameter

where thea; (i=1,2,3) are the coupling constants of the space consists of the following independent parameters:

three standard model gauge groups. In particular, at the eled,, u,tang, my, mg, my, A, and R=M;/M,. In the

troweak scaleMg,,~100 GeV,M; andM, are related by previous list of parameters we have denotedubthe Higgs

the expression mixing mass parameter, by tghthe ratio of the two Higgs

vacuum expectation valu¢¥’EVs) and bym, the mass of

the CP-odd neutral Higgs boson.

This scheme differs from the EMSSM which we em-
ployed for instance in Refl14] in the fact that we are relax-
However, there are theoretical arguments for considering sung here the gaugino unification relation, which was instead
persymmetric schemes where the unification assumption ofissumed in our previous works. The presence of the &tra
gaugino masses is not satisfigd. parameter accounts for this fact.

In the present paper we analyze the properties of relic The neutralino is defined as the lowest-mass linear super-
n_eutrallnos in an effective minimal supersymmetric ‘?Xte”'position of B-ino B, W-ino W) and of the two Higgsino
sion of the standard mod@SSM) where the GUT relation ~o Tio.
of Eq. (2) is relaxed. Previous papers where supersymmetriétateSH“ Hz:
schemes without gaugino mass unification have been consid-
ered in connection with relic neutralinos include the ones
reported in Refs[2—13]. Here we evaluate the neutralino
relic abundanceQXh2 and the neutralino-nucleon scalar

5
M1=§tar120WM2:0.5l\/I2. 2

x=2a;B+a,W®+azHs+a,HSs. )

Because of well-known properties of the neutralino and
(nucléon) chargino mass matrices, one has tfatfor u>M,,M, the

CIOSS SECUOM gy ~, WhiCh is relevant to dark matter di- neutralino mass is determined by the lightest gaugino mass
rect detection. In Sec. Il we define the supersymmetric y g gaug

scheme adopted in the present paper and in Sec. Il we pr&aramgter.mxz m'n_(Ml'MZ)’ while the lightest chargino
vide analytical considerations and numerical evaluations 135S 1S set byM,: m,==M, (M, does not enter the
Our conclusions are drawn in Sec. IV. chargino mass matrix at.the tree Ie)/ehnq (b) for u
<M,,M, both the neutralino and the chargino masses are
primarily set by the Higgs mixing parametem,=u
=m,=.

CXERN e"e” collider LEP data put a stringent lower

We employ an effective MSSM schenMSSM) at the  bound on the chargino mase,-=103 GeV, which con-
electroweak scale, defined in terms of a minimal number oferts into lower bounds oM, and u: M,,u=103 GeV.

This implies a lower bound on the neutralino mass of the

order of about 50 GeV in the standard EMSSM, where the

Il. EFFECTIVE MSSM WITHOUT GAUGINO
UNIFICATION

*Electronic address: bottino@to.infn.it GUT relation of Eq.(2) holds. On the contrary, the neu-
"Electronic address: fornengo@to.infn.it tralino mass may be smaller whéh,<M,, thus for small
*Electronic address: scopel@to.infn.it values of the parameté.
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In the present paper we are interested in the phenomenalh,H) Higgs-exchange processes, which in turn require a
ogy of light neutralinos, therefore we consider valuesRof gaugino-Higgsino mixing. For these configurations, also the
lower than its GUT valueRgy1=0.5. For definiteness we relic abundance is regulated by A)Higgs-exchange dia-
will consider the range 0.01-0.5. The ensuing light neutraligram in they-y annihilation cross section.
nos have a dominari-ino component; a deviation from a ~ Thus, to get an insight into the properties to be expected
pureB-ino composition is mainly due to a mixture Bfwith  for our light neutralinos we limit ourselves to the following
HZ, as will be shown in Sec. Il B. approximate expressions, derived under the assumptions of

In our numerical analysis we have varied the MSSM pa-Higgs dominance and light neutralingsotice however that
rameters within the following ranges: sltang<50, full exact expressions both for the relic abundaﬁl:,(dn2 and

100 GeV<|ul|, Mp,mg, mj<1000 GeV, sgng)=—11,  for the neutralino-nucleon scalar cross sectidfi’"* are

alar
90 GeV=m,=1000 GeV,—3<A=3, for a sample of rep- gmployed in the numerical evaluations to be discussed in the

resentative values oR in the range 0.04R<0.5. This eyt section Under these hypotheses, the neutralino relic

range forR, implemented with the experimental lower limit . . =
on M, of about 100 GeV, implies that the lower bound on theabgndance IS dpmmated by tsevave annihilation in eb.b
pair (unlessm, is very close to theb-quark masamy, in

neutralino mass can be moved down to few GeV'’s for X P
~0.01. which case thec and 77 channel are dominant
We then implemented the following experimental con- -39
. . : 4x10°% cn?

straints: accelerators data on supersymmetric and Higgs bo- QXhZ:
son searchegCERN e* e~ collider LEP2[15] and Collider
Detector at FermiladCDF) [16]]; measurements of thie
—s+ y decay[17]. We wish to comment that the accelerator

<0'aan>int

103 en?  sinféy

limits on the Higgs sector are taken into account by imple- 67ra§m tarf B(1+ €)?

menting the limits on the Higgs boson production cross sec-

tions:ete"—hZ ande*e”—hA (h andA are the lightest X (ay—a, tanfy) ~2(a, cosB—as sing) 2
scalar and the pseudoscalar neutral Higgs bosons, respec-

tively), which in turn imply a constraint on the coupling [(2m)2=m3]? m§,

constants stf{a—pB) and co$(a—p). Once these limits are Xmi[l—mﬁ/mi]l’zm_ﬁ' (4)

applied, the absolute lower limit on the Higgs boson masses
is ma,mM,~90 GeV. The allowed light-Higgs boson mass 5 the elastic scattering cross section is
range between 90 and 114 GeV is very often overlooked in

studies of neutralino dark matter, where a flat limit of 114 8GZ Folh  Fuly 2
. . . . (nucleon)__ M2 2 (5)
GeV is applied tom,,. The light-Higgs boson mass range, O scalar T VzMe _m2 _m2
h H

even though difficul{but not impossibleto be achieved in
supergravity (SUGRA models [18-20, is nevertheless : : . )
quite natural in the EMSSM and usually provides large de_{ir:)rt]r;iprew?gsigqtﬁztli?]?s \;\;} fr:(a)\\r;e uéiir:? ?ezll(()-:-vrv;?gr: ?Jta
tection rates for neutralino dark mat{elr9]. i th. fUa““U int it tg f1h 2h I P d pd

As for the constraint due to the muon anomalous mag-ot itrheeze-qrt:_l (te.mpera ure o i € i erma;hy av:artr?lge piro )
netic momenta,=(g,—2)/2 we have used the interval uct of the annihilation cross section times the relative veloc-

—160<Aa,x 10"<680, whereAa,, is the deviation of the

ity of a pair of neutralinose is a quantity which enters in the
current world average of the experimental determinationg(:“l"’lt'cmShlp between the down—type fermion running masses
(dominated by the measurements of Refl]) from the the-

and the corresponding Yukawa couplingge, for instance,

oretical evaluation within the standard modala,=aS®™ Refs. [18,29 and references quoted thergime is the
"

—a;". The range we use faka, is a 2o interval, obtained

neutralino-nucleon reduced mass. The quantifigs, and
by using for the lowest-order hadronic vacuum polarizationI hu are defined as follows:

contribution an average between the results derived from the

e"—e data[22,23 and from hadronicr decays22]. The
Aa, constraint and thé— s+ y bound set stringent limits
for the light neutralino sector of our models.

Once also the relic abundance bouﬁ(}thO.B is ap-
plied (see Sec. Il B in addition to the other experimental =2 kg'qu(NlaqlN). (6)
constraints discussed above, a lower limit of about 6 GeV is ’ q
obtained for the neutralino mass in the class of models with o
nonuniversal gaugino masses considered in this p8f  The matrix elementéN|qq|N) are meant over the nucleonic

Fr=(—a;sinfy+a, coséy)(azsina+a, cosa),

Fy=(—a;sinfy+a,coshy)(ascosa—a,sina),

35]. state. The values adopted here fiag{N|qq|N) are the ones
Il NEUTRALING RELIC ABUNDANCE AND denoted by set 1 |n_Re[f24]. We_rem_lnd that u_ncerta|nt|es in
NEUTRALINO-NUCLEON CROSS SECTION the vaIL_Jes ofmy(N|qq|N) can give rise to an increase of the
neutralino-nucleon cross section of about a factor of a few
A. Some analytical properties for smallm,, [25].

The neutralino configurations which provide the highest The anglex rotatesH{”) andHY” into h andH, and the
values of direct detection rates are the ones dominated bt;oefﬁcientskg'H are given by
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h — i 1078 grrrprrr TS g 1078
Ky-type= COSa/sin B, T T T
1077 ;—‘ R=0.01 E R=0.02 E 107
K iype= — Sin@/cosB— € cog a— B)tan, 10 g 1 o 10
100 | . - 109
k:'_type:Sina/SinlB, 107w é_ _% _é 10-10
= E 3 =
y E 10-11 5 = = 10-11
k_ =CcoSa/coSB— esin(a— tan , 7 o] 10_12:|||I||.I.HMHM||: :10_12
d-type A n(a—p)tans @ ~ 0O 20 40 60 80 100 O 20 40 60 80 100
. i .
for the up-type and down-type quarks, respectively. §y W0 g ARMERLNEL LA TAE: Kl
In the discussion which follows we only wish to establish £& 10 R=0.03 3 R=0.04 o 10~
some correlations implied by the dependencélg)h2 and of 107 - - 10-®
olucleon) o the Higgs boson masses and the neutralino mass 4 L ‘ Ly
For this purpose we rewrite the two previous expressions a: Lo-10 a o 3 Lo
follows: >
10-1t = k 4101
2m )2 —mz2]? 10-12 ] ‘ 1 1012
O _h?= [(2m,) Al (8) 0 20 40 60 80 100 0 20 40 60 80 100
X mZ[l_mZ/mZ]l/Z’
X b™ X m, (GeV)
(@)
(nucleon) _ D
Tscalar = 7 9 108 grrrprrr e gy 1078
h 107 | R=0.05 - R=0.1 4 10~
F % 3 E
. . L . 10-8 &4 - = 10-8
with obvious definitions foC andD. Heremy, stands generi- EA
cally for the mass of the one of the tw@P-even neutral 107 & E 3 107
Higgs bosons which provides the dominant contribution to . 10 < 3 i 1010
(nucleon) E & 3 E |
scalar © 10 e 1 e e 101
We now consider the case of very light neutralinos, i.e., & |y [ % i Fuoot RIS | ) .
m,<3mj,. Therefore we may further simplify Eq8) as ~ 0° 20 40 60 B0 100 O 20 40 60 80 100
§, 107 grerprrrpr g 10
4 ERS F
Q h2=C Ma (10) 568 1077 & standard global 4 10-7
X' T 2 2/ 271/2° w0 b L
mX [l_mb/mX] 103§ 10-8
109 & 10-°
The largest neutralino—nucleon scattering cross section: oo [ 10-10
occur when bothm,, andm, are close to their experimental ot b - .-
lower bound (,~m,~90-100 GeV) and taf is rela- o F o
0

tively large, in which case also the couplings of E@,(7) 20 40 60 80 100 0 20 40 80 100
between neutralinos and down-type quarks throbgbx- m, (GeV)
change are sizablel8]. In this case, from Eqg9) and(10) -

one derives the range @f " at fixed value ofm, (al- (b)
ways in the regimemx<%mA): FllG. 1: (a) Scatter plotg of the neutralino-nucleqn cross section
ohucleon) times the rescaling factog vs the neutralino mass, for
CcD D nonuniversal gaugino models with different values of the gaugino
< glnucleono = mass ratioR=M;/M,: R=0.01,0.02,0.03,0.04. Crosses denote
2 ra _ 12 m2112 2 scalar 4 : ) ' . ; . >
my [1—=mg/mi]™ (2, %) max Mh. min configurations with dominant relic neutralinos (008,h

(11 <0.3), while dots refer to subdominant neutralino$),b?
<0.05). (b) The same as iita), for R=0.05,0.1, for the standard
where my, i, Stands for the experimental lower bound on value R=5/3 tarf 6,,=0.5 and for a generic variation & in the
my,. The lower limit to o{74°" displayed in Eq(11) pro-  interval 0.01-0.5.
vides a stringent lower bound ar{225*"for very light neu-
tralinos. This feature will show up in the numerical evalua-
tions presented in the next section. The upper bound on We turn now to the presentation of our numerical results.
olucleon s instead determined by the lower limit on the In Figs. 1a),1(b) we give the scatter plots of the quantity
Higgs boson mass,. £o(UoNin terms of the neutralino mass for different values
By the arguments given above, it turns out that in theof the parameteR. The quantity¢ is defined as the ratio of
small mass regimeng,<3mj,) the upper bound on the relic the local (solar neighborhoadneutralino matter density to
abundanceQXhzso.i% establishes a constraint between thethe total local dark matter densit§=p, /pj,c. In Figs. 1a),

otherwise independent parametarsandm, [see Eq(10)].  1(b) we plot the quantityéo(2uceon ~rather than simply

B. Numerical results
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oucteon) in order to include in our considerations also neu- : g 1070
tralino configurations of low relic abundancee., cosmo- }8;% 7 F B
logically subdominant neutralinpsWe recall that, from ex- oo b = 3 Lo
perimental measurements of the direct detection rates, onl 10_105 E 8 1
the productéa (U may be extracted, and not directly ;o - z 1 101
olueleon) - The quantity ¢ is derived here from the relic 10 1 {10
abundance by the usual rescaling recipe¢ 10*”% : 4 hg 10
=min(1 ,h?/[Qh?],;), where the minimal value of relic 107t S Lo
abundance which defines a neutralino as a dominant darl 58
matter component has been fixed at the vel@E?].,, 107 b 1 10
=0.05. 0,h? and o{la2e°" are evaluated according to the 10-0 | 10-8
procedures and formulas described in Rg24.,26). 10 £ 10~
Figures 1a),1(b) display quite remarkable properties of 10710 = 1010
the light relic neutralinos from the point of view of their Lot = Lo
detectability by weakly interacting massive partiéIMP) ClN ] 107
direct measurements. These properties are easily understan2 ' ° = d fy=
able in terms of the analytic arguments presented in the preZ 107 oms 10- o
vious section. For instance, in each panel at a fixed value 0z g A ¥
R=<0.1, there is a characteristic funnel pointing toward high £ ;- - abassh |, 10-7
values of £ (UM at small neutralino masses. This origi- = 10-¢ $ 1078
nates in the lower bound oar{"u?®" reported in Eq.(11), 102 g 16
which is effective only for very low neutralino masséxe- Lg% 100
low about 15 GeY and becomes more and more stringentas % Horet
. . . . 10-12 o
m, decreases. As displayed in Ed1l), the size of this lower g i
bound, apart from relevant supersymmetric details, is deter ., E —
mined by the value of(QX ) max: Which is set here at the 1o 107
value (@, h?) = 0.3. It is noticeable that at very small val- Q,h?
ues ofR, for instance aR=0.01, all supersymmetric con- g, 2. Scatter plots of the neutralino-nucleon cross section

figurations are within the cosmologically interesting range of,, (nudleon) s the neutralino relic abundacd) h?, for R
Q, (i.e. no configuration of this set is rescalehd provide -0, OEL 0.02,0.03,0.04005 and for the standard valge
Iarge values ot (j e large detection rates =5/3tarf 6,~0.5.
As we increase the value & in our scan we are access-
ing larger values ofm,: again the largest values of properties of the funnel previously discussed in connection
g {ucleon) gre dominated by Higgs exchange, for Higgs bo-with Fig. 1(a). All the configurations refer to large values of
son masses close to their lower bound of about 90 GeV. ThiszXhZ: actually, it is the upper bound on the neutralino relic
is also true for the annihilation cross section. This ap-abundance which determines the strong bound on the al-
proaches its pole ah,~m,/2; therefore, the largest values lowed configurations. By changing from 0.01 to larger
of £olhucleon) refer to subdominant neutralinos, as, in-  values, we observe that the ensuing increasa,jrshifts the
creases towardn,~45 GeV (which represents the pole in configurations of largestr{ianc>" toward lower values of
the annihilation cross section for the lightest possiblbo-  relic abundance, as expected from the analytical consider-
son. These features are clearly shown in Fig®),1(b). The ations of the previous section. From this figure we see that a
panel denoted by “standard” in Fig.(f) refers to the usual fraction of the largest values of the quantity {14 refer
case of universal gaugino masses: in this case the neutraline dominant neutralinos, while another fraction refers to
mass is bounded from below at about 50 GeV, and thereforglightly subdominant neutralinos: 08X} h?<0.05. Con-
all the interesting low neutralino-mass sector is precludedfigurations withQXh2<0.01, even providing the largest val-
The last panel in Fig. (b) (denoted by “global’) shows our  yes of the scattering cross sectisee, for instance, the panel
results forR varied in the interval 0.01-0.5: the funnel at low at R=0.04 in Fig. 2 suffer from a severe rescaling factor
masses and the effect of tiepole in the annihilation cross which somehow reduces their detectability.
section are clearly visible. The fact that for small values oR the scattering and
We recall that, for each panel at fix&®] the lower value neutralino-neutralino annihilation cross sections are domi-
of the neutralino mass is a consequence of the experimentghted by Higgs exchange is a consequence of two facts: the
bound on the chargino mass, which in turn fixes a lowerrelatively small values for the lower bounds om, andmjy
bound onM;=RXM,. The upper value on the neutralino and the neutralino composition, which, even though domi-
mass for each panel is a mere consequence of the fact that wated by theB-ino component, nevertheless possesses a non-
scan theM, parameter up to 1 TeV. negligible Higgsino contribution allowing the neutralino to
The detailed connection among the values @t and  efficiently couple with the Higgs fields.
those of(}, h? is given in Fig. 2. The strong correlation be- Figure 3 shows that for small values If(smaIImX) the

tweenag'ggf;'f"”)andﬂ h? displayed forR=0.01 reflects the neutralino-neutralino annihilation cross section is indeed
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<Uannv>giggs exchange / <o-aunnv>ﬁ
FIG. 3. Scatter plots of the fractional amount of the neutralino ] o
pair-annihilation cross section due to sfermion exchange vs Higgs G- 4. Scatter plots of the neutralino composition in term of
boson exchange, foR=0.01,0.02,0.03,0.04. Crosses denote con-(&1) and ofH; (as) for R=0.01,0.05,0.1 and for the standard value
figuration for which the neutralino-nucleon scattering cross sectiorR=5/3tarf6,=0.5. The dashed lines denote the line whaefe

. 2_
olhucleon)js Jarger than 108 nbarn. taz=1.

2
aj

dominated by Higgs-exchange diagrams, especially for th
largest values ofr{®°" The first panel of Fig. 3, which
refers toR=0.01, clearly shows that the annihilation cross
section is strongly dominated by Higgs exchange. Ror
=0.02 the annihilation cross section can be either dominateg
by Higgs or sfermion exchange: however, the configuration
which provide values ofr{1u%°" in excess of 10® nbarn

(denoted by crossgshow a clear Higgs dominance in the

fralinos may have elastic cross sections off nucleons which
go up tooNueon_10-7 nbarn, with a relic abundance of
cosmological interest: O.%QXthO.S.

The present upper limits t9o ("4 provided by WIMP
irect detection experimen{27-30 do not constrain the
supersymmetric configurations for the light neutralinos con-
sidered here. This is especially true once the relevant uncer-

ey ) .~ tainties (mainly related to the form and parameters of the
annihilation cross section. These features are progressive A )
. . S : IMP galactic distribution function31] and to the quench-
lost whenR increases: the annihilation cross section may be

. . L 2 ing factors for bolometric detectgrare taken into account.
dominated byZ exchange(which, by coincidence, has its .
oole also at about 45 GoV The CDMS upper bounf29] could concern a small fraction

Finally, Fig. 4 shows that for low values &, the neu- of supersymmetric configurations in the range around 15

: o ! . GeV, though very marginally, if the uncertainties on astro-
tralino composition is dominated by tH&ino component, . " .

- . L physical quantities are considered. Moreover, the CDMS

but a deviation from a purB-ino composition is present and : X L
) ) . = .~ ~ bound needs a confirmation by a further running in a deep-
's mainly due to a mixture oB with H;. The two COmposi-  ynderground site, as planned by the Collaboration.
tion parameters; anda; remain aligned along thai + a3 The small-mass neutralino configurations analyzed in the
=1 diagonal line up toR~0.05, with a clear dominance present paper are accessible to experiments of direct detec-
(above 702%|n B;IHO- For larger values dR the correlation  tion with a low-energy threshold and a high sensitivity. An
betweera] andaj starts to deviate from the diagonal line, a experiment of this type is the DAMA experiment with a
fact that indicates how the two other components are beconmass of=100 kg of Na(Tl), whose results after a 4-years
ing important(it is mainly a, which sets up The panel at running show an annual-modulation effect at a €.L.
R=0.1 shows that th8-ino component is usually large, but which does not appear to be related to any possible source of
a sizable mixture starts occurring. The last panel in Fig. 4ystematic§32]. The DAMA experiment, with its high sen-
recalls the situation for the standard case of universasitivity, is potentially good to investigate also the relic neu-
gaugino masses, where the neutralino may be any mixture afalinos considered in the present paper.
its component fields.
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