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Compatibility of the new DAMA/Nal data on an annual modulation effect in WIMP direct
search with a relic neutralino in supergravity schemes
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Recent results of the DAMA/Nal experiment for weakly interacting massive particle direct detection point to
a possible annual modulation effect in the detection rate. We show that these results, when interpreted in terms
of a relic neutralino, are compatible with supergravity models. Together with the universal supergravity
(SUGRA scheme, we also consider SUGRA models where the unification condition in the Higgs mass
parameters at a grand unified theory scale is relap@@b556-282199)03205-1

PACS numbes): 12.60.Jv, 11.30.Pb, 14.80.Ly, 95.35

[. INTRODUCTION tial, which contains all the Yukawa interactions between the
standard and supersymmetric fields, and the soft-breaking
The new DAMA/Nal datarunning period No. [1] pro-  Lagrangian, which models the breaking of supersymmetry.
vide a further indication of a possible annual modulationHere we only recall the soft supersymmetry breaking terms
effect in the rate for weakly interacting massive particle
(WIMP) direct detection, already singled out by the same

. _ 2 2 [N =
Collaboration using former dat@unning period No. 1[2]. Eson—Ei my| il *+{[ AaphaplaH1Ro
In Ref. [3] we interpret the total sample of new and former
data in terms of a relic neutralino in the framework of the +Agbhgb(~gaH 1ﬁb+Agbhgb(~gaH20b+ H.c]

minimal supersymmetric extension of the standard model
(MSSM) [4], by extending the analysis that we performed
previously[5] about the DAMA/Nal results of the running
period No. 1. The MSSM scheme represents a very versatile
approach for discussing supersymmetric phenomenology &fhere theg,; are the scalar fields, the; are the gaugino
the elec':troweaKEW). scale, apd does noj[ bear on too .Strongfields, H, andH, are the two Higgs fieldsf) andL are the
theoretical assumptions at higher energies. In R&f.using ) ) o
the MSSM, we prove that the annual modulation data argoublet squark and slepton fields, respectively, BhdD,

quite compatible with a relic neutralino which may make upand R denote the S(2)-singlet fields for the up-squarks,
the major part of the dark matter in the Universe and thatlown-squarks, and sleptons. In Ed), m; and M; are the
some of the most relevant supersymmetric properties are exnass parameters of the scalar and gaugino fields, respec-
plorable at accelerators in the near future. tively, and A and B denote trilinear and bilinear supersym-

In the present paper we show that the supersymmetrignetry breaking parameters, respectively. The Yukawa inter-
features, implied by the DAMA/Nal modulation data, are actions are described by the parameterahich are related
also compatible with more ambitious supersymmetryto the masses of the standard fermions by the usual expres-
schemes, where the previous phenomenological model &ions, e.gm;=h', andm,=h°v, wherev;=(H;) are the
implemented in a supergravi(BUGRA) framework, espe- vacuum expectation valu¢¥EV’s) of the two Higgs fields.

—BuHHpy+H.cl+ X Mi(AN+NN), (D)

cially if the unification conditions, which are frequently im- It is worth recalling that one attractive feature of the
posed at the grand unified thedi@UT) scale, are appropri- model is the connection between soft supersymmetry break-
ately relaxed 6]. ing and electro-weak symmetry breakiigWSB), which

would then be induced radiatively. It is customary to imple-
ment the supergravity framework with some restrictive as-
sumptions about unification at grand unification sddlg,+:
We recall here that the essential elements of SUGRAI) unification of the gaugino massé;(M gyr)=myy,; (i)
models[7,8] are a Yang-Mills Lagrangian, the superpoten- universality of the scalar masses with a common mass de-
noted bymg,m;(Mgyt) =myp; (iii) universality of the trilin-
ear scalar couplingsA'(Mgy7) =A%Mgur) =A"(Mgy7)

Il. SUGRA MODELS
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neutralino, which is defined as the lowest-mass linear supetance as far as gauge coupling unification is conceftéfj
position of the two neutral gauginog (andZ) and the two it is a second-order effect on the evolution of the soft masses
and then it is neglected here.

In order to specify the supersymmetry phenomenology,
o _ ~ boundary conditions for the gauge and Yukawa couplings
x=a,y+a,Z+azH,;+a,H,. (2)  have to be specified. Low-scale values for the gauge cou-

plings and for the top-quark and the tau-lepton Yukawa cou-

Different neutralino compositions are classified in terms of?“nlgs are f|xeq u?mgthpr?sent expeglmensl ri?glté' l\;‘ par-
the parameteP=a2+a2: gaugino-like wherP>0.9, mixed ~ UCUar, we assign for the top mass the vatue= ev.

when 0.5 P=<0.9, and Higgsino-like whe®<0.1. A few qualifications are in order here about the con-

The unification conditions represent a theoretically attrac-Stralnts due to thb—s-+ y process and for the bottom mass.

tive possibility, which makes strictly universal SUGRA N Our analysis, the inclusive decay rate ER¢ X,y) [15-

models very predictive. However, the above assumption 0] Itst C?lcﬂ.""ted v(;nth correitlcr)ﬁr;sl ug 4]t° th? lTag'r:jg o:der.
particularly (i) and i), are not fully justified, since univer- ' cx-to-i€ading order corréctionz1-24 are included only

sality may occur at a scale higher thisl 1, i.e. the Planck V\Qﬁg;:] de)l{ngi];bengptp“ed In gi cornsrhster_:_th\i/vay;itl.?i., r?(ljitrzitto
scale or string scale, in which case renormalization abov%1 and 1o susy diagrams. S criterio S

M o weakens universality in they . Deviations from some 'e use of next-to-leading _order corrections to peculiar re-
of the unification conditions have been considered by a num3'ons of the supersymmetric parameter space, where the as-

ber of authord9-11]. Implications of these deviations for fgg}gagn;évingzgr\:vgﬁgi;gz naex&;f)]—lt\a/sglrr\g 3ir;jee:hs;:s(,)yu;:0r-
relic neutralino phenomenology have been discussed in d » APEA- 9

tail in Refs.[9,11] e[ﬁeoretical evaluation for BE{— Xgy) is within the range

74 74 . .
In the present paper, we discuss the DAMA/Nal data bot %Elg gBE.(B_’):ﬁY)SA"ng 1Ot I. JTS r?r%geglsszob—
in a SUGRA model with strict unification conditions and in a 2N€d Dy combining the experimental data o ¢25,26

SUGRA framework, where we introduce a departure fromat 95% C.L. and by adding a theoretical uncertainty of 25%,
universality in the écalar masses Mig; which splits the whenever the still incomplete next-to-leading order susy cor-

: . ; . rections cannot be applied.
Higgs mass parameter,;) andMy, in the following way: The supersymmetric corrections to the bottom mass in-

clude contributions from bottom-squark-gluino loops and
Mﬁ_(MGUT): m§(1+ 5). (3)  from top-squark-chargino loog27]. In the present analysis,
' the bottom mass is computed as a function of the other pa-
rameters and required to be compatible with the present ex-
The parameters; which quantify the departure from univer- perimental bounds. Theoretical uncertainties in the evalua-
sality for theMf; will be varied in the range<1,+1), but  tion of m, arise from the running of the RGE’s. Since our
are taken to be independent of the other supersymmetric pghoice is to solve RGE’s at the one-loop level and without
rameters. thresholds, we estimate an uncertainty of the order of 10% in

Our supersymmetric parameter space is constrained byur prediction form,. To take into account such an uncer-
the following conditions:(a) all experimental bounds on tainty we have chosen to weaken the boundsmgrgiven in
Higgs boson, neutralino, chargino and sfermion masses afgef. [8] by 10%. Thus we requiren, to fall into the range
satisfied(for current CERNe*e™ collider LEP bounds see, 2.46 GeV=m,(M;)=<3.42 GeV, at 95% C.L. As mentioned
for instance, Refd.12,13), (b) the neutralino is the lightest above,b-r Yukawa unification is relaxed by about 20%.
supersymmetric particleLSP), (c) the constraints on thb The neutralino relic abundandé)(h2 is calculated as il-

— s+ process are satisfietj) the constraints on the mass lustrated in Ref[28]. As already stated, we apply to our

of the bottom quarkm, are also satisfied, however, with a supersymmetric parameter space an upper bound conserva-
b-7 Yukawa unification relaxed by about 20%e) EWSB is  tively set at the valueﬂxhzgo.?, and we consider as cos-
realized radiatively(f) the neutralino relic abundan@xhz mologically interesting the range O.QI)XthOJ. How-
does not exceed the cosmological upper bound, which igver, we stress that, according to the most recent data and
conservatively set here @ ,h?<0.7. Because of the re- analyseg29], the most appealing interval for the neutralino
quirements of radiative EWSB and of the universality con-relic abundance is the narrower one: 602 h?<0.2. The
ditions on the gaugino masses and on the trilinear couplingdpcal neutralino density, is factorized in terms of the total
the independent supersymmetric parameters are reduced laeal dark matter density, asp,=&p,. The parameteg is

the following set(apart from thes;’s): my;,, mgy, Ao, tan3  calculated according to the usual rescaling redip@]: &
=v,/vq, and sgnf). =min[Q,h%/(Qh?) i, 1]. We take here @h?),,,,=0.01.

The renormalization group equatiofRGE’s) are solved In our analysis themy,,mg,Ap,tan3 parameters are
by using the one-loop beta functions including the wholevaried in the following ranges: 10 Ge¥m,,,<500 GeV,
supersymmetric particle spectrum from the GUT scale dowmy<1 TeV, —3<A,=<+ 3, 1=<tanB3=<50; the parameten
to Mz, neglecting the possible effects of intermediateis taken positive. We remark that the values taken here as
thresholds. Two-loop and threshold effects on the running ofipper limits of the ranges fom,,,,my are inspired by the
the gauge and Yukawa couplings are known not to exceedpper bounds which may be derived for these quantities in
10% of the final resulf14]. While this is of crucial impor- SUGRA theories, when one requires that the EWSB, radia-

neutral Higgsinos i, andH,):
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tively induced by the soft supersymmetry breaking, does not 107 g T

occur with excessive fine-tuningee Ref[9], and references i
L SUGRA (6,=6,=0)

guoted therein .
1078 E

Ill. RATE FOR WIMP DIRECT DETECTION

The indication of a possible annual modulation effect, g
singled out by the DAMA/Nal datfl], points, ata 2 C.L., g

to a very delimited region in the plarer{fane®™m, , where = [ ]
m, is the WIMP mass and{janc>" is the WIMP-nucleon 3, £ ]
elastic scalar cross section. When the uncertaintigs Bre |

taken into account, the originalo2C.L. region singled out Qo 4

by DAMA/Nal data has to be enlarged into a regRnwhere
the quantity éo{74%%" fajis into the following range{3]:
(1-3)x107° nb< £oMUeoN< 3% 1079 nb, in the mass N
range 30 Ge¥m, <110 GeV. :

In Ref.[3], where the relevant formulas for the evaluation

of ¢{1uleoM are reported, it is also shown that, in the MSSM, ° 500 1000 1500

: . X v
wide domains of the supersymmetric parameter space pro- m, (GeV)
. (nucleon) : A ; .
vide values forogcyjs, -~ andm, which are within regiorR. FIG. 1. Scatter plot of o1 yersusm, for a scanning of the

Out of the two competing contributions tellaae®™, Higgs-  supersymmetric parameter space as defined in Sec. Il in universal

exchange and squark-exchange processes, usually the fornswGRA.

dominates over the latter one. Then let us discuss which

properties of the Higgs-exchange amplitude are instrumentdll into the cosmological interesting range ﬁthz.
in making this contribution sizeable enough as required by The other qualifications for the configurations which lie
the modulation effecto("u®MN=1x107° nb. As is clear inside the regionR, relevant for searches at accelerators,
from the expressions given in RgB], the most important concern the ranges for the-Higgs boson mass, the neu-
parameters for establishing the size of the Higgs-exchang&alino mass and the lightest top-squark mass, which we
amplitude arem;,,tang, and the mixing anglex of the two ~ find to be my=<115 GeV, 50 Ge¥m, <100 GeV, and
CP-even neutral Higgs bosoné @ndH). The largest val- 200 GeVsm; <700 GeV, respectively.

ues for the Higgs-exchange amplitude occur for the follow- Let us now turn to SUGRA schemes with deviations from
ing combination of their respective values: smai), (be-  universal scalar massése., §;'s #0). By varying the usual
cause of the propagalprlarge values of tgf, and of « supersymmetric parameters as before and d)ie in the
(because of the structure of the Higgs-quark coup)inis  range— 1< §;<+1 we find the scatter plot of Fig. 5, which
SUGRA these three parameters are rather strongly correlateghows that the requiremegio-"uc®°n=1x 10~° nb implies

[9], so that requiring some lower bourd """ imposes

severe constraints on the parameter space. These propertie: 1500 —————F 1T

may be suitably discussed in terms of the massof the L

CP-odd neutral Higgs bosofiowever, we remind the reader

that this parameter is not free, but depends on the parameters

defining our parameter space and on the RGE’s evolution
From Fig. 1, which displays a generic scatter plot of

go{nuceon yersusmy, in the universal SUGRA modéi.e.,

1000

with 8's=0), we see that the lower boungo{Juceon= =
1x 10 ° nb implies the upper bounth,<180 GeV. If we e
further take into account the scatter plotrof in terms of £

tanB, shown in Fig. 2, we obtain in turn a lower limit on

tang:tan3=42. We also note that just a small relaxation in 500

the lower bound forzo"uM=1 % 10~° nb would also al-

low intermediate values of tghtan3~5—10. The reasons

for the typical feature of the scatter plot of Fig. 2 for,

=300 GeV are discussed in the Appendix. L
If we now require our supersymmetric configurations to ol v v e

lie inside the modulation regioR (this set of configurations

is denoted as se$), we obtain the scatter plot of Fig. 3,

which proves that the annual modulation data are in fact FIG. 2. Scatter plot ofn, versus tag for a scanning of the

compatible with a universal SUGRA scheme. Figure 4 showsupersymmetric parameter space as defined in Sec. Il, in universal

that a number of the selected supersymmetric configurationSUGRA.

tan g
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FIG. 3. Scatter plot of seBin the planem -£o{1a2¢® in uni- (nucleon

versal SUGRA. The dashed contour line delimits the Z.L. re- FIG. 5. Scatter plot €0 scyjar versusmA.for ascanning of .the
supersymmetric parameter space as defined in Sec. Il, in non-

gion, obtained by the DAMA/Nal Collaboration, by combining to- universal SUGRA
gether the data of the two running periods of the annual modulation '

experimen{1]. The solid contour line is obtained from the dashed ) . . -
line, which refers to the valug,=0.3 GeV cni 3, by accounting slightly wider domain of regiorR, and, more significantly,

for the uncertainty range gf,, as explained in Sec. Iithe region ~ contains new neutralino configurations of cosmological in-
delimited by the solid line is denoted as regi@rin the tex. The  terest. Figures 9—-11 show how the values for thiggs
representative points are denoted differently depending on the vaPoson mass, the neutralino mass and the lightest top-squark
ues of the neutralino relic abundan@e h?. mass are distributed in terms of @anThe ranges of these
masses are similar to those already found in the universal
case, but now tgh extends to the interval ¥tans=<50,
instead of being limited only to very large values.

The distribution of the values for the parameteiss,
vgihich provide supersymmetric configurations in agreement
with the annual modulation data, are shown in Fig. 12. The
peculiar distribution of representative points in the left-upper

now a more relaxed upper bound om,:m,=<330 GeV.
From Fig. 6, we see that this upper limit a1y is compatible
with all values of ta. In Figs. 7 and 8 we notice that, as
expected, our new sample of representative points covers

1077 T
r
r : I 1500
: | l i . SUGRA (6,,6,%0) |
o 10 p '.._| | / |- - |
FR o e e B
’é‘ L : | % . b .‘ "': ..'.. '. .. .‘:... L -
35 r . ( <] Pt e Tl L . 1
X 100 | ) B eI e _
SUGRA (8,=8,=0) | | i ""_ S . )
L - | | 500 |- i e e T -
- gaugino e :_ g .'-. g ...'.' .. . : |
: o % 3R R
10-10 el el e | | | )
10- 10~ 10-3 10-2 0.1 1 10t .
Q, h* ol -~
. . 0 10 20 30 40 0
FIG. 4. Scatter plot of se8 in the planeQ, h?-£o{1a in tan 8
universal SUGRA. Here neutralinos turn out to be gaugino-like
only. The two vertical solid lines delimit ’[h@)(h2 range of cosmo- FIG. 6. Scatter plot oin, versus taB for a scanning of the
logical interest. The two dashed lines delimit the most appealinggupersymmetric parameter space as defined in Sec. I, in non-
interval forQXhz, as suggested by the most recent observationaliniversal SUGRA.
data.
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107 ¢ |
g
l %/
FIG. 7. As in Fig. 3i;r :;envtjniversal SUGRA. FIG. 9. Scatter plot of S;; th(:::;nemh-tan@. in nonuniver-

sal SUGRA. The hatched region on the right is excluded by theory.
side of the figure may be easily understood in terms of thd he hatched region on the left is excluded by present LEP data at
general properties discussed in REd]. The generic trend s=183 GeV. The dotted and the dashed curves denote the reach
displayed in this figure shows that small values ofgae-  °f LEP2at energieg’s=192 GeV and,’s=200 GeV, respectively.

quire sizeable deviations from universality in the Higgs bo-;he solid ||fne reg_resents th? 95% i:.l].ﬁpundbreachable atLEP?2, in
son mass parametel’s € case Or nondiscovery or a neutral 1ggs poson.

[3,5], are also compatible with a SUGRA framework.

We have specifically considered a supergravity scheme
We have analyzed the total sample of new and formekvith strict unification conditions on scalar and gaugino
DAMA/Nal data [1,2], which provide the indication of a Mmasses and on trilinear scalar couplings, and supergravity
possible annual modulation effect in the rate for WIMP di- models with departures from universality in the scalar mass
rect detection. We have demonstrated that these experimeRarameters of the Higgs sector. We have proved that in uni-
tal data, already proved to be widely compatible with relicversal SUGRA neutralino configurations with interesting

neutralinos of cosmological interest in a MSSM scheme

IV. CONCLUSIONS

50 p . —ros ,
. . R N I
1077 P RPN e
| 18000 &% 4o OEr an,
. Q 'n..!. sy Nt 5
| R RS
(I %0 7
| ! T.e
| o | <o
°
7 o | | ]
g | % | ]
el
] | g l
- I
H | ! -
<5 | | "
£§ !
& 10 | | !
w1 I SUGRA (6,,8,%0)
SUGRA (6,,6,%0) | | |
I
gaugino t | ] o :;-0: < g{;: < 0.7
x  mixed I | : . 0h <0
| | !
1 2 L ' 2 ' " | L L L L
| | 0 50 100 150
10-10 ool e i Ll L
10- 104 10-3 10-2 0.1 1 100 m, (GeV)

X

FIG. 10. Scatter plot of se§in the planem,-tang, in nonuni-
FIG. 8. As in Fig. 4, for nonuniversal SUGRA. Here dots and versal SUGRA. The hatched region on the left is excluded by
crosses denote neutralinos of different composition according to thpresent LEP data. The dashed and the solid vertical lines denote the
classification in Sec. Il. reach of LEP2 and TeV33, respectively.
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FIG. 11. Scatter plot of se® in the p|anerfrtl-tanﬁ. in non- FIG. 13. Scatter plot in the plamgy-tang, for a scanning of the
universal SUGRA. The hatched region is excluded by LEP dat®UPersymmetric parameter space as defined in Sec. I, in universal
(without any restriction on other mases SUGRA.

_ _ _ APPENDIX
cosmological properties may be found. Even more so, in case

of non-universal SUGRA models. In this appendix we show that the peculiar behavior of the
Other main results of our analysis are the following. Inscatter plot in Fig. 2 fom,=300 GeV is induced, in the

the universal SUGRA model the constraints imposed by théiniversal SUGRA model, by the combined effect of the lim-

DAMA Nal data imply for theh-Higgs boson mass, the neu- 1tS on theb—s+y decay rate and on the mass of the bottom

tralino mass, and the lightest top-squark mass, the followinglUa'km; . Let us start by reminding that in generic SUGRA
ranges:m, <115 GeV, 50 Ge¥em <100 GeV, and 200 modelsm, is a function of the other parameters through the
. =~ y X~ 1

; ; radiatively induced EWSB mechanism. A useful parametri-
Gev= my, = 700 GeV, respectively. In universal SUGRA

. . ] zation is[9]
tang is constrained to be large, tadr42, whereas, with de-
parture from universality in the scalar masses, the range for  m2 = kK, m2 ,+ K,mZ+ KzAZma2 + K ;AgmoMmy,— m2,
tanB widens to 16stan3=<50. (A1)

where the coefficientK; are only functions of tg8 and the

] AL L &,'s. Their properties are extensively discussed in R#f.to
1| R . o o which we refer for details. To simplify the discussion let us
APPSR oo ] take Ay=0.
. ﬁﬁyg;xﬁi x FR In the universal SUGRA model the coefficierts and
s b &@: X mfmx . o h K, are both decreasing functions of _}Iar)bemg K;~3 and
I :fg“x Ax:Ail . . o | K,~1 for tar18~5710 an.d both vanlshl.n-gly small at large
: Ag%%&g i% o ] tanB. _Actually, while K, is always posm_ve,Kz_ becomes
L xiiﬁ%x?gxw | negative for tap~50. Furthermpremm is Ilmlteo! from
< o Aﬁgxax* ST, e . above by the annual modulation data which impty,
ii&x % ;30%0 ., ° ] =110 GeV and themm,,,~2.5m, <270 GeV (the relation
W TR o8 : my~2.5m, holds, since neutralino is mainly gaugino-like
sl ¥ %o ] in universal SUGRA Instead, form, we have a lower
o ° o 10gtang <20 | 4 bound which depends on t&nas displayed in Fig. 13. This
- B t::f;’ b bound arises as a combined effect of the-s+y andm,
L ° 0 40<tang <50 | - constraints. Consequentiy, may be small only for tg8
-1 T =10, wheremy may be arbitrarily small, or at large t8n
T S R N R where the producK,m3 is kept small byK,. In SUGRA
- 08 ;j 05 ! models with5;#0 the coefficientK, may become vanish-

ingly small also for intermediate values of jarso that, in

FIG. 12. Scatter plot of the values of ti#g and 5, parameters ~non-universal models, small values wf, may occur over
for setS the whole tag range, as shown in Fig. 6.
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