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Initial scales, supersymmetric dark matter, and variations of neutralino-nucleon cross sections
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The neutralino-nucleon cross section in the context of the MSSM with universal soft supersymmetry-
breaking terms is compared with the limits from dark matter detectors. Our analysis is focused on the stability
of the corresponding cross sections with respect to variations of the initial scale for the running of the soft
terms, finding that the smaller the scale is, the larger the cross sections become. For example, by taking
10'0°12 GeV rather thanMgyt, which is a more sensible choice, in particular in the context of some
superstring models, we find extensive regions in the parameter space with cross sections in the range of
10 -10"5 pb, i.e., where current dark matter experiments are sensitive. For instance, this can be obtained for
tanB=3.
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[. INTRODUCTION low these possibilities in type | stringd7-20. Similar re-
sults can also be obtained in type Il strif@4] and weakly
Recently there has been some theoretical actiiity6]®  and strongly coupled heterotic strin§2,23. Hence, it is
analyzing the compatibility of regions in the parameter spacéatural to wonder how much the standard neutralino-nucleon
of the minimal supersymmetric standard mod®SSM)  cross section analysis will get modified by taking a sddie
with the sensitivity of current dark matter detectors, DAMA Smaller thanV gy for the initial scale of the soft ternts.
[11] and CDMS[12]. These detectors are sensitive to a .The content of the article is.as follows. In Sec. Il we wil]
neutralino-nucleon cross SeCt?OW;(‘ltp in the range of briefly review several scenarios suggested by superstring
1075-10°5 pb. Working in the supergravity framework for theory where the initial scale for the running of the soft terms

. . . . . is M, instead ofM . In particular, we will see tha
the MSSM with universal soft terms, it was pointed out in ' eur- NP !

. , ~10'"'4 GeV is an attractive possibility. The issue of
[1b’2’4] that tthe Iadrge tag rgf@j‘me _allows fgéonls szr.?. the gauge coupling unification, which is important for our calcu-
above mentioned range ang-, IS reached. In addition, aton will also be discussed. Then, in Sec. IlI, we will study

working with non-universal soft scalar masses, they alsan detail the stability of the neutralino-nucleon cross section
found o0 ,~10"° pb for small values of ta. In particu-  with respect to variations dfl, . For the sake of generality,
lar, this was obtained for ta8=25 (tang=4) working Wwe will allow M, to vary between 1§ GeV, which corre-
with universal(non-universal soft terms in[4]. The case of Sponds toMgyr, and 18° GeV. Of course the results will
non-universal gaugino masses was also analyz¢8]iwith ~ be valid not only for low-scale string scenarios but also for
interesting results. any scenario with an unification scale smaller thdg ;.

The above analyses were performed assuming universal-et us finally remark that the analysis will be carried out for
ity (and non-universalityof the soft breaking terms at the the case of universal soft terms. This is the most simple
unification scaleMgy7~10° GeV, as is usually done in situation in the framework of the MSSM and can be obtained
the MSSM literature. Such a scale can be obtained in a nat.d. in superstring models with dilaton-dominated supersym-
ral manner within superstring theories. This is e.g. the casgetry breakind26] or in weakly and strongly coupled het-
of type | superstring theor{14,15 and heterotic M theory —erotic models with one Kaer modulus[27]. Finally, the
[14,16. However, recently, going away from perturbative conclusions are left for Sec. IV.
vacua, it was realized that the string scale may be anywhere
between the weak scale and the Planck scale. For instance II. INITIAL SCALES

D-brane configurations where the standard model lives, al- ] ] o )
As mentioned in the Introduction, it was recently realized

that the string scale is not necessarily close to the Planck
*Electronic address: emidio.gabrielli@cern.ch scale but can be as low as the electroweak scale. In this
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SElectronic address: e.torrente@cern.ch 3This question was recently pointed out 4] for a different type
see alsd7-10] for other works. of analysis. In particular the authors studied low-energy implica-
2L et us recall that the lightest neutraling is the natural candi- tions, like sparticle spectra and charge and color breaking con-
date for dark matter in supersymmetric theories with conserved Rtraints, of a string theory with a scale of ordet1@eV. Similar
parity, since it is usually the lightest supersymmetric particeP) phenomenological analyses were carried out in the [t for
and therefore stablgl3]. M planck Father thanM g .
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context, two scenarios are especially attractive in order to =
attack the hierarchy problem of unified theories: a non-
supersymmetric scenario with the string scale of order a few
TeV [18,19, and a supersymmetric scenario with the string

scale of order 1~ %2 GeV[20]. Since we are interested in
the analysis of supersymmetric dark matter, we will concen-
trate on the latter.

0.1

0.05 | -
In supergravity models supersymmetry can be spontane- ﬁz_//g . T==
ously broken in a hidden sector of the theory and the grav- -
itino mass, which sets the overall scale of the soft terms, is 07////
given by !
0 1 L ! s L L
F 4 6 8 10 12 14 16
Mg~ : (1) lo /GeV
Y2 Morancr (a) g]oQ

where F is the auxiliary field whose vacuum expectation
value breaks supersymmetry. Since in supergravity one
would expectFwM%,anck, one obtaingmg;,~M p|anck and

therefore the hierarchy problem solved in principle by super-
symmetry would be re-introduced, unless non-perturbative
effects such as gaugino condensation produEe
~MwMpianck- However, if the scale of the fundamental  0.05

theory is M,~10'9 12 GeV instead ofMpjanck, then F - - =7

~M|2 and one getsng~ M,y in a natural way, without in- -7

voking any hierarchically suppressed non-perturbative effect

[20]. . ‘ ‘ ‘ ‘ ,
For example, embedding the standard model inside D3- 0 4 6 8 10 12 14 16

branes in type | strings, the string scale is given by (b) long/GeV

4_‘1M Planck FIG. 1. Running of the gauge couplings with energy assuming
e \/5 nonuniversality(a) and universality(b) of couplings at the initial
scaleM,=10" GeV. Dashed lines indicate the usual running of

where « is the gauge coupling anl ., is the compactifica- the MSSM couplings.

tion scale. Thus one getl,~10°"12 GeV with M,

~10°719 Gev. in Fig. 1(a for the scale M;=10" GeV, where g;
There are other arguments in favor of scenarios with ini-~0.8, g,~0.6 andg,~0.5. Clearly, another possibility giv-

tial scalesM, smaller thanMgyr. For example in[22]  ing rise to a similar result might arise when the gauge groups

scalesM;~10'"" ' GeV were suggested to explain many came from different types of D-branes. Since different

experimental observations as neutrino masses or the scale forbranes have associated different couplings, this would im-

axion physics. These scales might also explain the observesly the nonuniversality of the gauge couplings.

ultra-high energy £10°° eV) cosmic rays as products of ~ (b) Universality of gauge coupling©n the other hand, if

long-lived massive string mode decays. Besides, severglauge coupling unification a#l,, «;=«, is what we want

models of chaotic inflation favor also these initial scalesto obtain, then the addition of extra fields in the massless

[28]. spectrum can achieve this tafR0]. An example of addi-
Inspired by these scenarios we will allow the initial scaletional particles which can produce the beta functiobg,

M, for the running of the soft terms to vary between =-3 b,=3, b,;=19, yielding unification at around,

10 GeV and 16° GeV, when computing the neutralino- =10'! GeV was given inf24]

nucleon cross section below. As we will see, the values of

the gauge coupling constants at those scales will be crucial in

the computation. This heads us into a brief discussion of

gauge coupling unification in models with low initial scale.
(@ Nonuniversality of gauge couplingé\n interesting

proposal in the context of type | string models was studied invhere the fields transform undelSU(3).XSU(2),

[15,29: if the standard model comes from the same collec-XU(1)y. In this example one obtaing(M,)~0.8. This is

tion of D-branes, stringy corrections might change theschematically shown in Fig.(k).

boundary conditions at the string scdfg to mimic the ef- As a matter of fact, once the Pandora’s box containing

fect of field theoretical logarithmic running. Thus the gaugeextra matter fields is open, other possibilities arise. Note that

couplings will be nonuniversal and their values will dependthe example above does not contain extra triplets, and there-

on the initial scaleM, chosen. This is schematically shown fore a5 runs as in the MSSM

M3, 2

2%[(1,2,1/2+ (1,2~ 1/2)]+3X[(1,1,)+(1,1~1)],
(3
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2 —m2 2
a3(Q) as(Msusy) 2@ Msusy

where b;=—3 and Mg, indicates the supersymmetric
threshold. However, introducing; extra triplets,b;=—3

+ 3n3 will increase and therefore; will also increase. Like-
wise, extra doublets and/or singlets will allow to increase the G()=35 )+ 5141, (8)
value ofa, anda; as in the example above and therefore we

will be able to obtain unification a#, , but for bigger values

wheret=In(M%Q?),

of a;= . For example, the additional particles and the functiond;(t) are given by
3X[(3,1,2/3+ (3.1, 213 ]+6X[(1,2,1/2+ (1,2~ 1/2)], L .

(5) fi(t):b_i 1—W : C)
produceb;=0, b,=7, b;=27, yielding unification again at 1+ At bit

aroundM, =10 GeV but forg(M,)~1.3.
We will see in the next section that due to the different _ _
values of the gauge couplings &, scenariog(a) and (b) For M,=Mgyt We recover the usual case of the MSSM:

give rise to qualitatively different results for cross sections. {=61 for Q=1 TeV. However, foM, smaller tharMgyr,
the value oft will decrease and thereforg(t) will also

decrease, producing a smaller value®ft). As a conse-
quencemy; atQ~1 TeV will also be smaller. Fomy, (t)

the argument is similar: the smaller the initial scale for the

In this section we will consider the whole parameter spacqunning is, the less important the negative contributiafy,
of the MSSM with the only assumption of universality. In to 42 in Eq. (6) becomes.

particular, the requirement of correct electroweak breaking In f h he initial le is d diti h
leave us with four independent paramet@r®dulo the sign n fact, when the initial scale is decreased, it Is wort
noticing that the values of the gauge couplings are modified.

of the ng_gs mixing parametes which appears in the su-. Therefore, this effect will also contribute to modify the soft
perpotentlan=MH1H2). These may be chqsen as follows: Higgs boson mass-squarfske e.g. Eq9)]. Let us consider
m, M, A and tang, L.e. the scalar and gaugino masses, theﬁrst the casga) with non-universal gauge couplings bk,
coefficient of the_ trilinear terms, and the ratio of Higgs discussed in the previous sectifsee also Fig. (8], where
vacuum expectation valugsi;)/(H). ay(M,) and a;,(M,) are smaller thane(Mgyt). For in-

On the other hand, we will work with the usual formulas 2 . : Lo
; . : stance, fomy; this has obvious implicationd;(t) decrease
for the elastic scattering of relic LSPs on protons and neu- 1

trons that can be found in the literatyi&30,9,3. In particu-  for M, smaller tharM gy, not only becausedecreases but

lar, we will follow the re-evaluation of the rates carried out also because;(0) are smaller.

in [3], using their central values for the hadronic matrix ele- The above conclusions have important consequences for

ments. cross sections. As is well known, wheép| decreases the
As mentioned in the Introduction, the initial boundary Higgsino componentsN,; and N4, of the lightest neu-

conditions for the running MSSM soft terms are usually un-tralino

derstood at a scal®lgyt. Smaller initial scales, as for ex-

ampleM,~ 10" GeV, will imply larger neutralino-nucleon

cross sections. Although we will enter in more details later

on, basically this can be understood from the variation in the

value of u2 with M, , since the cross sections are very sen-increase and therefore the spin independent cross section also

IIl. NEUTRALINO-NUCLEON CROSS SECTIONS
VERSUS INITIAL SCALES

X3 =Ny13B%+ Ny WO+ Ny H O+ Ny H Y (10

sitive to this value. increases. We show both facts in Figs. 2 and 3.

Let us discuss then first the variation pf with M, . These figures correspond fo<0. Opposite values o
Recalling that this value is determined by the electroweakmply smaller cross sections and, moreover, well known ex-
breaking conditions as perimental constraints as those coming fromlthesy pro-

cess highly reduce the>0 parameter space. The other pa-
mi —m3 tart 8 1 rameters are chosen as follows. For a givengaand
,u2=;— M2, (6)  neutralino mass, the common gaugino misis essentially
tarf B—1 2 fixed. For the common scalar mass we have takerm

i o =150 GeV. Finally, for the common coefficient of the tri-
we observe that, for tafl fixed, the smaller the initial scale |inear termsA we have takemh= — M. This relation is par-

for the running is, the smaller the numerator in the first piecg;cy|arly interesting since it arises naturally in several string

of Eq. (6) becomes. To gnderzstand this qualitatively, let usmodels[26,15. In any case we have checked that the cross
consider, e.g., the evolution ofy; (neglecting for simplicity  sections and our main conclusions are not very sensitive to
the bottom and tau Yukawa couplings the specific values oA andm in a wide range. In particular
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o _
2 'g.‘ 4 tang=3
\beO //;, DAMA
0.75 M= 107 GeV. fong=10 w g
P
10 '}
0.5 — N%B) 7
......... Nz(W) 10 % M, =90 GeV
B ——M(GeV)= 16
0.25 22231; 10 = M(GeV)=10"
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FIG. 2. Gaugino-Higgsino components-squaNflqiof the light- ~ %
est neutralino as a function of its mass, for the casg8tai0, and 'g_‘ 4l ¢
R L
©

tang=20

for two different values of the initial scaldyl,=10'® GeV and 10
M,=10" GeV. 1071 s i
DMS
-6

this is so for|A/M|<5 and 50 Ge\'=m=250 GeV. 10 ¢ NS

We have checked that our results are consistent witl ;5 7| grRles =
present bounds coming from accelerators and astrophysic s T~ e
The former are CERNe*e™ collider LEP and Fermilab o< T~
Tevatron bounds on supersymmetric masses and ChEO 10 i
—S7y branching ratio measurements. The latter are relic neu 10
tralino density bounds and will be discussed in some detai 10 - : ' :
later on. 50 100 150 200

In Fig. 2, for tan3= 10, we exhibit the gaugino-Higgsino (¢) me(GeV)
components-squardd?; of the LSP as a function of its mass
myo for two different values of the initial scaleM, FIG. 3. Neutralino-proton cross section as a function of the neu-

— 10 GeV~Mgyr and M,=10 GeV. Clearly, the tralino mass for several possible values of the initial sé4je and

. . . or different values of tag. Current experimental limits, DAMA
zg]rﬁgerlﬁlhgasrg?j;’ ;Sriﬂla—rggléhég\}g?hsénfscsq]sp%]aﬁgfj bef'and CDMS, are shown. The region on the left of the line denoted by
. y | -

. . . . m==90 GeV is excluded because of the experimental lower
B-ino sinceNy; is extremely large. The scattering channels, *1

through Higgs exchange are suppresseecall that the °°UNd on the lightest chargino mass.
Higgs-neutralino-neutralino couplings are proportional to
N, andN,,) and therefore the cross sections are small as wghannels through squark exchange are also suppressed by the

will see explicitly below. As a matter of fact, the scattering Mass of the first-family_squarks. Indeed in this limit the cross
section can be approximated as

. . m? [ g'2sineg
Let us remark however that fon in the range 56 100 GeV the r( 9 4
s re _ SO (Ll TV (12)
neutralino is not the LSP in the whole parameter space. In some X17P 44 m?_m_o
regions the stau is the LSP. q X1
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wherem, is the reduced mass ama;, ¢ are the mass and

the mixing angle of the first-family squarks respectively. & ;, il M(Ge)=10"me(Gev)=50
However forM, =10 GeV the Higgsino contributionisl; 3 B =
and N;, become important and even dominant fm;(clJ 10
<130 GeV (e.g. with tanB=3 this is obtained form;(ci 10 I
<65 GeV). Following the above arguments this will imply 10 7t W(GeV)=10"
larger cross sections. Indeed scattering channels througt gl =
Higgs exchange are now important and their contributionsto 7o |
cross sections can be schematically approximated as - -9
-10
mr2 )\S INy(g'N N 2)|2 (12) 10 ]b 2I0 3I0
00— p® 77— 2 IN1i(9 N11=0goN12) |7,
AP A tan
wherei=3,4, \, are the quark Yukawa couplings and, FIG. 4. Neutralino-proton cross section as a function ofAan

represent the Higgs boson masses. It is also worth noticinf§" two possible values of the initial scalé];=10" GeV, M,
that, for any fixed value ofl, , the larger tar8 is, the larger =10" GeV, and for different values of the neutralino mass,
the Higgsino contributions become. The reason being thdt@Mely 50, 75 and 100 GeV. DAMA limits are also shown.

the top (bottom Yukawa coupling decrease@ncreases

since it is proportional to 1/si(1/cosp). This implies that in the caseM;=Mgyt to obtain cross sections in the rel-
the negativepositive contributionmﬁz(mﬁl) to u? is less ~ €vant region of DAMA experiment, the opposite situation

. — 1 .
important. The discussion of the cases with ganl0 is ?;\f;rrjdm the casdl; =10 GeV since smaller values are
more subtle and will be carried out below. ' . . .
.. _Let us consider now the cagé) with gauge coupling
The consequence of these results on the cross section IS ification atM. discussed in Sec [5ee also Fig. (b)]. The
shown in Fig. 3, where the cross section as a function of th‘?esult for the CII‘OSS section as a function X isg' Iott.ed in
LSP massmo is plotted for five different values of the initial m’ifl P

scaleM, . For instance, whemro=100 GeV, o~o_, for Fig. 5 for tang=20. Clearly, the_ cross secthn increases
X1 X1~P when M, decreases. However, this increment is less impor-

M, =10'"" GeV is two orders of magnitude larger than for ant than in the previous case. The reason being that now
Mgur. In particular, for taB=3, one finds o030,  4,(M,) and a;(M,) are bigger thanx(Mgy) instead of
<10°® pb if the initial scale isM,;=10'® GeV. However smaller. For example this counteracts the incremerft (@]
ag(ci,pzlo‘s GeV is possible ifM, decreases. FoM, in EQ. (9) due to the smaller value dfwhenM, is smaller.
<10” GeV, taking into account the experimental lower Due to this effect, only with ta=20 we obtain regions

bound on the lightest chargino mass;==90, the range consistent with DAMA limits. .
1 The results for the case with extra tripldsee e.g. Eq.

70 GeV=nmo=100 GeV is even consistent with the (5)] are worst since the gauge coupling at the unification
DAMA limits. As discussed above, the larger fans, the  point M, is bigger than above. The value ofo_, at M,
larger the Higgsino contributions become, and therefore th’?nay be even smaller than its usual valud\/béui.

cross section increases. For f&r 10 we see in Fig. 3 thal  getore concluding let us discuss briefly the effect of relic
the range 60 Ge¥nmo=130 GeV is now consistent With e tralino density bounds on cross sections. The most robust
DAMA limits. This corresponds tiM,<10" GeV.

Finally, we show in Fig. 3 the case t@+20. Then the —~ -
above range increases 50 GeWro<170 GeV, corre- 310 4t Y, tanf=20
sponding now toM ;<10 GeV. It is worth noticing here © s ' SR
that the value ofu? is very stable with respect to variations 10} i
of tanB when this is large (taf=10). This is due to the 10 ol
fact thatu?~—mf, —3M? [see Eq(6)]. Since siB~1, the 7
top Yukawa coupling is stable and therefore the same con 10
clusion is obtained fomE|2 and 2. Thus, for a giverM, , 10 e —MGeV)=10"
the reason for the cross section to increase whei tam ot T Tio”
creases cannot be now the increment of the Higgsino com 10 ¢ jg::,
ponents of the LSP. Nevertheless there is a second effecti jgp 4 - - :
the cross section which is now the dominant one: the contri- 50 100 150 200
bution of the down-type quark Yukawa couplinggee Eq. mxo(GeV)

(12)] which are proportional to 1/cga
In Fig. 4 we plot the neutralino-proton cross section as a FIG. 5. The same as in Fig. 3 but only for tar 20 and with
function of tand. Whereas large values of t@hare needed gauge coupling unification afl, .
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evidence for the existence of dark matter comes from rela- We have noted that the neutralino-nucleon cross section
tively small scales. Lower limits inferred from the flat rota- in the MSSM is quite sensitive to the value of the initial
tion curves of spiral galaxiesl3,31 are (,,,=10Q,;s or  scale for the running of the soft breaking terms. The smaller
Qhaioh?=0.01-0.05, whereh is the reduced Hubble con- the scale is, the larger the cross section becomes. In particu-
stant. On the opposite side, observations at large scales, (8r, by taking M,~10'"'2 GeV rather than Mgyt
—20) h™! Mpc, have provided estimates oflcpyh?  ~10° GeV for the initial scale, which is a more sensible
~0.1-0.6 [32], but values as low a€cpyh?~0.02 have choice e.g. in the context of some superstring models, we
also been quote@i33]. Taking up-to-date limits orh, the  find that the cross section increases substantially being com-
baryon density from nucleosynthesis and overall matterpatible with the sensitivity of current dark matter experi-
balance analysis one is able to obtain a favored range, 0.0ﬁentsqg,,ﬁ 10 -10"5 pb, for tanB=3. For larger val-
<Qcpuh®<0.3(at~20 C.L) [34,35. Note that conserva- yes of the initial scale, as e.gM,=10" GeV, the
tive lower limits in the small and large scales are of the sam@ompatibility is obtained for tag=10. Let us remark that
order of magnitude. _ . _ these results have been obtained assuming non-universal
In this work, the expected neutralino cosmological relic yauge couplings a¥l,, as discussed in Sec. II. They should
density has been computed according to well known techpe compared with those of the MSSM with initial scale
niques (see [13]). In principle, from its general behavior Mgy, Where tan=20 is needed.
0, h?o 1 ann), Whereogn, is the cross section for annihi- — \ye have also discussed the corresponding relic neutralino
lation of neutralinos, it is expected that such high neutralinoyensities and checked that they are of the right order of mag-

proton cross sections as those presented above will then cQiyyde in large areas of the parameter space for the neutralino
respond to relatively low relic neutralino densities. However,peing a CDM candidate.

our results show that for some of the largest cross sections, The above computations have been carried out for the

H ~ 2—-11 H A . .. .
with e.9.M,~10""*! GeV, the value of the relic density is case of universal soft terms. This is not only the most simple
still inside the conservative ranges we considered above. Asossibility in the framework of the MSSM, but also is al-

a function of the intermediate scale our results show a steadyed in the context of superstring models. This is e.g. the

increaselin the value of the reIiCGdensity Whgn we move froMygse of the dilaton-dominated supersymmetry breaking sce-
M|_~101 GeV down toM,~10'® GeV. In this respect, the narios or weakly and strongly coupled heterotic models with
main conclusion to be drawn from our results is that it shouldyne Kaler modulus. In this sense the analysis of neutralino-
be always feasible, for large areas of supersymmetric paramncleon cross sections of those models is included in our
eters, to find an “intermediate” initial scall!, which rep-  computation.
resents a compromise between a high neutralino cross sec- Qbyiously, nonuniversality of the soft terms will intro-
tion and an adequate relic neutralino density. duce more flexibility in the computation, in particular in the
We expect that neutralino coannhilitatiéro not play an  yalue ofu?, in order to obtain regions in the parameter space

important role here since the mass differences among thgiving rise to cross sections compatible with the sensitivity
LSP and the NLSP are not too small in general. For exampleyf cyrrent detectors.

for the relative mass difference among the two lightest neu-
tralinos, we have found&m;g;g/m;gzoz in most of the

interesting regions, being typically much higher. ACKNOWLEDGMENTS
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