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Direct dark matter detection in the next-to-minimal supersymmetric standard model

V. A. BednyakoV¥ and H. V. Klapdor-Kleingrothaus
Max-Planck-Institut fu Kernphysik, Postfach 103980, D-69029 Heidelberg, Germany
(Received 27 February 1998; published 21 December)1998

Direct dark matter detection is considered in the next-to-minimal supersymmetric standard model
(NMSSM). The effective neutralino-quark Lagrangian is obtained and event rates are calculated f@ahe
isotope. Accelerator and cosmological constraints on the NMSSM parameter space are included. By means of
scanning the parameter space at the Fermi scale we show that the lightest neutralino could be detected in dark
matter experiments with a sizable event rate.
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PACS numbses): 95.35+d, 12.60.Jv, 14.80.Ly, 98.80.Cq

l. INTRODUCTION m2<m3 co$2 €h)

In not too far in the future new very sensitive dark matteris increased tom%ls mgco§2ﬁ+)\2(vf+v§)sin22ﬁ3. Taking
(DM) detectorq 1-3] may start to operate, and one expectsinto account the weak coupling of the Higgs singlet the
new, very important data from these experiments. The futurlMSSM may still remain a viable model when the MSSM
experimental progress forces investigators to better undeean be ruled out due to EqL).
stand the variety and property of the dark matter particles. The above arguments make an intensive study of the
The lightest supersymmetric partidleSP), the neutralino, is NMSSM phenomenology very desirable. Previously the
considered now as a most promising candidate, which makliggs and neutralino sectors of the NMSSM were carefully
compose the main fraction of the so-called cold dark matterstudied in[10—15. The calculation of the LSP relic abun-
The prospects of direct and indirect detection of the LSFdance in the NMSSM was performed for the first tim¢i6]
have comprehensively been investigafdd in the various and recently ir{17].

versions of the minimal supersymmetric standard model The outline of this paper is as follows. In Sec. Il we
(MSSM) [5]. describe the Lagrangian of the NMSSM. Since the additional

In this paper we consider direct detection of this relic LspSinglet superfield of the NMSSM leads to extended Higgs
in the next-to-minimal supersymmetric standard mode/@nd neutralino sectors, we present the Higgs and neutralino
(NMSSM) [6,7]. The Higgs sector of the NMSSM contains mixings. Section Il collects formulas relevant for calcula-
five physical,n(.autral Higgs bosons, three Higgs scalars tW%ion of the event rate for direct dark matter detection in the

pseudoscalars, and two degenerate physical charged Hig ”.‘ewo”‘ of the NMSSM. In Sec. IV we dlsg:uss the con-
X N . ) h raints on the NMSSM parameter space which are used in
particlesC~. The neutralino sector is extended to five neu-

tralinos i_ns_tead _of fou_r in the MSSM. The remaining particleg%czr&ﬁ%s';héndissiﬁ'ssv tr\:\;erZZSIrtt;yog?;i%ré%? gg;tigl:]m\ﬁng:rl]_
content is |dent|cgl W|th_that of t_he MSSM.. . tains a conclusion.

The NMSSM is mainly motivated by its potential to
eliminate the so-callegk problem of the MSSM 8], where
the origin of theu parameter in the superpotent’dly;ssy
= uH1H, is not understood. For phenomenological reasons The NMSSM superpotential {82] (g1,= —&,,=1)
it has to be of the order of the electroweak scale, while the 1
“natural” mass scale would be of the order of the grand _ i 3 ATyl AINHI
unified theory (GUT) or Planck scale. This problergl is W=heijHiHIN= 3N Hhee;Q UH}—hqe;; Q'DH}

Il. THE LAGRANGIAN OF THE NMSSM

evaded in the NMSSM where the term in the superpoten- ——

tial is dynamically generated through=\x with a dimen- —heejjL'RHY, 2
sionless coupling. and the vacuum expectation valdeof 01 .0

the Higgs singlet. Another essential feature of the NMSSMvhere Hi=(Hi,H™) and Hp,=(H",H;) are the SW2)

is the fact that the mass bounds for the Higgs bosons andiggs doublets with hypercharge1/2 and 1/2 and\ is the
neutralinos are weakened. While in the MSSM experimentaliggs singlet with hypercharge 0. The notation of the fer-
data imply a lower mass bound of about 20 GeV for the LsHEMion doublets and singlets is conventional, generation indi-
[9], very light or massless neutralinos and Higgs bosons arées are omitted. Contrary to the MSSM, the superpotential of
not excluded in the NMSSNIL0,11]. Furthermore the upper the NMSSM consists only of trilinear terms with dimension-

tree level mass bound for the lightest Higgs scalar of thdess couplings. _
MSSM The electroweak gauge-symmetry @YXU(1)y is

spontaneously broken to the electromagnetic gauge-
symmetry U(1). by the Higgs VEVs(HiO):vi with i
*Permanent address: Laboratory of Nuclear Problems, Joint Insti=1,2 and (N)=x, wherev=\v{+v5=174 GeV, tarB
tute for Nuclear Research, Moscow region, 141980 Dubna, Russias v, /v .
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The most general supersymmetry breaking potential cain the same way one finds, for the elements of @fe-odd
be written ag12] matrix M 2,

Vo= M2|H |2+ m2|H, 2+ m2|N|2
sor= M| H| 2|Hzl N Mflz=)\x(AA+kx)tanB, |V|1PZZ=7\X(A>\+|(X),
+ma| Q%+ mg|U)2+m3|D[2+m?|L |2+ mZ|R|2

2 2
i ! M= N0 (A= 2kx),  MB = AX(A, +kx)cot,
—()‘AksiiHllszN"'H-C-)_<§kAkN3+H_c_) 13 2(Ay 5 \

e - PZ_ _
+(hyAys;; Q UHL— heApe;; Q' DHI M23=Ava(Ay—2kx),
~ i~ 1 1 p2_ VU2
—heAes LRHL+H.c)+ S MATAT+ S M/ Mas=MA\— — T 4hkviv,+ 3KAKX,

92
2

() and for the charged Higgs matrix one obtains

As free parameters appear the ratio of the doublet vacuum

expectation values, tg®, the singlet vacuum expectation tang 1

value x, the couplings in the superpotential and k, the M§= 7\A>\X+)\kX2—vlv2<)\2— ( 1 ) )

parameterd\, , Ay, as well asA, Ap, Ag (for three gen- cotp

erationg in the supersymmetry breaking potential, the

gaugino mass parametel$ and M’, and the scalar mass In our numerical analysis we have included 1-loop radiative

parameters for the Higgs bosoms , 3, squarksmg, ;o and correction_s to Higgs mass matrices fqllowiﬁt}l,lSl. _

sleptonsm,_ g . AssumingC P conservation in the Higgs sector, the Higgs
The minimization conditions for the scalar potential matrices are diagonalized by the real orthogonaiB3matri-

NVIdv,,=0, dV/gx=0 eliminate three parameters of the cesU® andUP, respectively,

Higgs sector which are normally chosen tom@, m2, and

; 2 2 2N _ (ST, 2
m3. Then at the tree level the elements of the symmetric Diag(mg ,ms,,mg ) =U® MgU®,
CP-even mass squared mattix %z(ij’z) become, in the _ . s
basis H,,H,,N), Dlag(mpl,mpz,0)=u MU,
1
Mﬁ: Evi(gr2+ g%+ AxtanB(A, +kx), where msl<m3.2< ms, and mp <mp, denote the- masses
of the mass eigenstates of the neutral scalar Higgs bosons
, 1 1 S, (a=1,2,3) and neutral pseudoscalar Higgs bosens
M3y=— AX(A,+kX) +vq0,| 2N2— Eg’z— Egz (@=1,2)[12].

With fixed parameters of the Higgs sector the masses and
P2 o B mixings of the neutralinos are determined by the two furthest
M15= 201X =2 kxw, — Ay, parameterdl andM ' of the Lagrangian

s2 1 2,12 2 1
Mzz—zvz(g +0°) +AxcotB(A,+kx), L=——VUTMT+H.c
2 o

2
M33=2A20,x— 2\kxv,— NA 1, . .
oo P WT=(=ikg, =N, W WP W),

ANA VY ' i i ' i
M§Z=4k2 2 KAX+ SELE In this basis the symmetric mass matkikof the neutralinos
has the form

M’ 0 —mgysindy cosB  mzsinfy sinB 0
0 M m; cosh,, cosB  —m, coshy SinB 0
—my sindy, CoSB Mz CoKy, CoSPB 0 A X Nvy
m; sind, sinB  —my cosh,, SinB AX 0 Avq
0 0 AU, Avq —2kx
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The mass of the neutralinos is obtained by diagonalizingvhich can be detected by a suitable detector. The corre-

the mass matri®M with the orthogonal matrix:

L= o (Xio)
=T oMiXiXis Xi T

2 1A I | ;IO
with xP=A;¥; and Mgag=NMN.

The neutralinos}"(iO (i=1-5) are ordered with increasing

mass|m;|, thus y=x? is the LSP neutralino. The matrix
eIements/\/,J (i,j=1-5) describe the composition of the

neutralinoy? in the basis¥;. For example the bino fraction
of the lightest neutralino |s g|ven by 2, and the singlino
fraction of this neutralino byV' 2.

Ill. NEUTRALINO-NUCLEUS ELASTIC SCATTERING

A dark matter event is elastic scattering of a DM neu-

sponding event rate depends on the distribution of the DM
neutralinos in the solar vicinity and the cross section of
neutralino-nucleus elastic scattering.

The relevant low-energy effective neutralino-quark La-
grangian can be written in a general form[4s19-2]

m
_ _ 4 o
Aq-xnafsx-qv“ysqﬂL—M Cqxx-49
w

Lefi= 2

q

+0 4

— |
q

where terms with vector and pseudoscalar quark currents are
omitted being negligible in the case of non-relativistic DM
neutralinos with typical velocities ~10 3c.

The coefficients in the effective Lagrangigf) have the

tralino from a target nucleus producing a nuclear recoilform

My

N
Mgy — (M +mg)

1 1 m

2
m
__qp2
4 N m2 —(m,+m,)?
ql X q

|

2
maz—(mXJr mg)

(COS Oqpa + IO dar) —

2

My : 2 2
5 2(sm26q¢qL+ oS Oqbap)
qz—(mX+ mg)

- ?q M WPqSin 20qT3(N12_ tan 0\/\//\/11)

( : : )
% _ (5
mﬁl—(m)ﬁ—mq)2 méz—(mxntmq)2
_ 93 Ln COS OqpqL—SiMPOqdpgr  COS Oqpqr— SIMF OybqL
Co= 4| 2 Qall 2 Pq 2 2 2
a=1.2;3 m; ql—(mx+mq) maz—(m)(-i—mq)
+ 29( ¢ ¢ ( . - ) (6)
4My e mﬁl—(mxﬂLmq)2 r‘ngz—(mXerq)2
Here
1 2 (1 U2,
Vag=|| 37 Taa sinﬂ+<§_T3q)cos,8 ’
QL11= (N~ tan N1 ) [USiN15— US4l + VAN Ui N 4+ USG5l — 202KUSN 2,

PqL=N12T3+ N12(Q—Ta)tandyy,

dqr=1tan QN

Nia

P sinB

q

P

Nis
cosB’

[z
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The coefficients4d, andC, take into account squark mixing abundance. Assumirty,>0.4 one finds that the contribution

G.—0r and the contributions of alC P-even Higgs bosons. Of each relic particle specieg has to obey[25] 0 hi<1,

Under the assumption=k=0 these formulas coincide with where the relic density paramet@r, = p, /p. is the ratio of

the relevant formulas in the MSSMJ9]. the relic neutralino mass densipy, to the critical onep,
A general representation of the differential cross section=1.88x 10 2°h3g cm 3.

of neutralino-nucleus scattering can be given in terms of We calculata()XhS following the standard procedure on

three spin—dependenﬂ-‘ij(qz) and one spin-independent the basis of the approximate formyl26,27]

F«(g?) form factors as follow$22]:

T T, | Gev 2
do 8Ge Q,h§=2.13x 10—11<T—X) —yo> X NE? —2>
—(0,0%) = —(aF- Foo(q%) +aar- Fi(q%) v 27K axg+ bxg/2
dq v 8
+al- F1y(9?) +c§- A2FE(g?). (7)  HereT, is the present day photon temperatdfe/T, is the

reheating factorxg=Tg/m ~1/20, T is the neutralino
The last term corresponding to the spin-independent scaldfeeze-out temperature, aridi is the total number of de-
interaction gains coherent enhancemaft(A is the atomic  grees of freedom & . The coefficientsa, b are determined
weight of the nucleus in the reactiopnThe coefficients from the non-relativistic expansiofu,nnv)~a+bx of the
ap,1,Co do not depend on nuclear structure and relate to thehermally averaged cross section of neutralino annihilation in
parametersd, ,Cq of the effective Lagrangiaf) and to pa-  the NMSSM. We adopt an approximate treatment not taking
rameters characterizing the nucleon structure. In what folinto account complications, which occur when the expansion

lows we use notations and definitions of our paj®3]. ~ fails [28]. We take into account all possible channels of the
An experimentally observable quantity is the differential y-y annihilation. The complete list of the relevant formulas
event rate per unit mass of the target material in the NMSSM can be found ifl7].

Since the neutralinos are mixtures of gauginos, higgsinos,
max do ) and singlino the annihilation can occur both, via s-channel
JU _ do f(v)”d_qz(v’Er)’ q°=2M4E; . exchange of thez® and Higgs bosons and t-channel ex-
mn change of a scalar particle, like a selectron. This constrains
the parameter space, as discussed by many groups
127,29,3Q.

In the analysis we ignore possible rescaling of the local
neutralino densityp which may occur in the region of the
—0.3 GeV cm 2 are the escape velocity and the mass denNMSSM parameter space wheﬁaxhé_<0.025 [31-33. If
sity of the relic neutralinos in the solar vicinityg i, the n_eutrallno is accepted as a dor_mr_u_int part of the DM its
:(MAEr/ZMrZed)l/Z with M, and M, .4 being the mass of den_sny has to exceed the qyoted limiting value 0.025. Oth-
nucleusA and the reduced mass of the neutralino-nucleu$™'S€ the presence of additional DM components should be

aken into account, for instance, by the mentioned rescaling

system, respectively. 7 H the halo density is k 0 b
The differential event rate is the most appropriate quantit)ﬁnsaz' owever, the halo densily IS known 1o be very un-

for comparing with the observed recoil spectrum and allowertain. Therefore, one can expect that the rescaling takes

: - lace in a small domain of the parameter space. Another
one to take properly into account spectral characteristics of glace . .
specific detector and to separate the background. Howev. oint is that the SUSY solution of the DM problem with such

in many cases the total event r&éntegrated over the whole dwtn(?.utralltnobdens(;ty becotm es questlct)na;tilr(]a. \IZ/)VI\(/I% r?slsun;e
kinematic domain of the recoil energy is sufficient. It is neutraiinos 1o be a dominant component ot the alo 0

widely employed in theoretical papers for estimating the®!’ 9alaxy with a density,=0.3 GeV cm® in the SOI?
prospects for DM detection, ignoring experimental compli-Vicinity and disregard in the analysis points witd,hg
cations which may occur on the way. In the present paper wée0.025.

are going to perform a general analysis aimed at searchinc};1 The parameter space of the NMSSM and the masses of
for domains with large values of the event r&tdike those the supersymmetric particles are constrained by the results

reported in[24]. This is the reason why we use in the analy- from the high energy colliders LEP at CERN and Tevatron at
sis the total event ratB. Fermilab[10,11]. A key role for the production of Higgs

bosons ate™e™ colliders plays the Higgs coupling t@
bosons, while neutralino production at LEP crucially de-

pends on th&x%x° coupling which is formally identical in
NMSSM and MSSM and differs only by the neutralino mix-
Assuming that the neutralinos form a dominant part of theing. All those couplings are suppressed in the NMSSM if the
DM in the universe one obtains a cosmological constraint omespective neutralinos or Higgs bosons have significant sin-
the neutralino relic density. The present lifetime of the uni-glet components. Therefore NMSSM neutralino and Higgs
verse is at least 1B years, which implies an upper limit on mass bounds are much weaker than in the minimal model
the expansion rate and correspondingly on the total reli¢12]. The consequences from the negative neutralino search

dR

Px
ag, |\

My

Here f(v) is the velocity distribution of neutralinos in the
earth’s frame which is usually assumed to be a Maxwellia
distribution in the galactic framé\ is the number density of

the target nuclei. vma=vese=600 km/s and p,

IV. CONSTRAINTS ON THE NMSSM
PARAMETER SPACE
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at the CERNe* e~ collider LEP for the parameter space and —2000 Ge\KA,<2000 GeV.
the neutralino masses have been studied@. In [12] it is
shown that a very light NMSSM neutralino cannot even beFor simplicity the other sfermion mass parameterr%,1 »
ruled out at LEP2. _ md  m?  mZ , andm?, m3, m?., mZ. are chosen to be

We used the following constraints from LEP. For new ~12 12 L2, ; s 3

. I . ~ o~ equal tomg_ andmg , respectively. Therefore masses of the

physics contributing to the tota width AT (Z—x" x~ +Z i 2 3 g i

~0~0 . L . sfermions in the same generation differ only due to the
—>X' X] )<2,3 Mev. F0r~n0eNV\c/) physics contributing to the """ D-term contribution. Other parametgexceptA,) of the su-
visible Z width AI'(Z— xix;)<8 MeV. From the direct persymmetry breaking potential,, Ap, Ag (for all three
neutralino searchB(Z—x{x{)<2x107° for j=2,...,5, generationsare fixed to be zero.
and B(ZH}?}?)<5X 10°°, fori,j=2,...,5. Theresults The main results of our scan are presented in Fig. 1 in the
of LEP searches fo8,Z and S,Z* productions[9], which form of scatter plots. Given in Fig. 1 are the total event rates
impose restrictions on th8,ZZ couplings were included in R for "*Ge, and the LSP gaugino fractio/(,+ .\ 1)), sin-
our analysis. We have also included the experimental bound@ino fraction (V'7g), and finally relic density parameter
from the direct search for pseudoscalar Higgs bosons prc,QXhS versus the LSP mass. The left panel in Fig. 1 presents
duced together with a Higgs scalar at LEE®, but this in  the above-mentioned observables obtained without taking
accordance witH12] does not significantly affect the ex- into account the cosmological relic density constraint.
cluded parameter domain. In this case the total expected event Bteeaches values

In our numerical analysis we use the following experi-up to about 50 events per day and per 1 kg of fiée
mental restrictions for the SUSY particle spectrum in theisotope. As on can see from Fig. 1 the small-mass U885
NMSSM: m;(1+>90 GeV for charginosnm,=80 GeV for than about 100 GelMs mostly gauginos, with a very small
sneutrinosym; =80 GeV for selectronan;=150 GeV for admixture of the singlino component. Larg_e masses o_f the

R . LSP (larger than 100 Ge)correspond to sizable gaugino

squarks, m;, =60 GeV for light top squark, my- and singlino components together perhaps with some
=65 GeV for charged Higgs bosons an@lzl GeV for higgsino fraction.
the light scalar neutral Higgs boson. In fact, it appeared that The results of implementation of the cosmological con-
all above-mentioned constraints do not allcmg1 to be straint

ller than 20 GeV.
smaller than e 0.025<Q,hj<1

V. NUMERICAL ANALYSIS can be seen in the right panel of Fig. 1. There is approxi-

Randomly scanned parameters of the NMSSM at thénately a 5-fold reduction of the number of the points which
Fermi scale are the following: the gaugino mass parameterfé”f'” all restrictions in this case. Neverthelless quite large
M’ andM, the ratio of the doublet vacuum expectation val- values of event ratR (above 1 event/day/kgtill survive the
ues, tarB, the singlet vacuum expectation valkethe cou- cosmological constraint. The lower bound for the mass of the
plings in the superpotential and k, squared squark mass LSP now becomes about 3-5 GeV. The gaugino component
parametersné for the first two generations arldé for the becomes more significant, t_)ut the singlino fraction cannot be

12 3 completely ruled out especially for large masses of the LSP.

third one, the parameters, , A, as well asA; for the third 1 'higgsino component of the LSP remains still possible
generation. The parameters are varied in the intervals glvegmy for LSP masses in the vicinity ol .

below: For illustration in Fig. 2 we present the calculated event
—1000 Ge\EM’<1000 GeV rate R as function of the mass of the lightest scalar Higgs
boson,msl. The largest values d® are concentrated mostly
—2000 Ge\xM <2000 GeV in the region of quite large massess , where LEP con-

1<tang<50 straints are not very significant. The upper boundn‘@g is
also clearly seen.

0 GeV<x<10000 GeV
VI. CONCLUSION

—0.87<\<0.87
In the paper we address the guestion whether the next-to-
—0.63<k<0.63 minimal supersymmetric standard model can be attractive
from the point of view of the direct detection of neutralinos
100 GeVP<mj <1000000 Ge¥ provided the neutralino is the stable LSP.
' To answer the question we derived the effective low en-
100 GeVf< m2Q <1 000000 Ge¥ ergy neutralino-quark Lagrangian, which takes into account
* the contributions of extra scalar Higgs bosons and extra neu-
—2000 Ge\KA,<2000 GeV tralinos. On this basis we calculated the total direct-dark-
matter-detection event rate iffiGe as a representative iso-
—2000 Ge\kA,<2000 GeV tope which is interesting for construction of a realistic dark
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FIG. 1. Total event rat® for *Ge, the LSP gaugino fractioo\( 3,4+ 2,), singlino fraction (V' %), and the relic abundance parameter
QXh(Z) versus the LSP masdrom up to down. The left (right) panel presents results obtained withdwith) taking into account the
cosmological relic density constraint.

matter detector. We analyzed the NMSSM taking into ac-constraint does not rule out domains in the parameter space
count the available accelerator and cosmological constraintshich correspond to quite sizable event rates in a germanium
by means of a random scan of the NMSSM parameter spaatetector.

at the Fermi scale. We demonstrated that the cosmological Due to relaxation of the gaugino unification condition,
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FIG. 2. Total event rat® for *Ge as function of the mass of
the lightest scalar Higgs boscmsl.

contrary to previous consideratiph7] we found domains in
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Therefore the NMSSM looks no worse than the MSSM
from the point of view of direct dark matter detection. The
question arises: Is it possible to distinguish MSSM and
NMSSM by means of direct dark matter detection of LSP? It
is a problem to be solved in the future. The question can
disappear by itself if a negative search for light Higgs boson
with the CERN Large Hadron Colliddi.HC) rules out the
MSSM. As already mentioned in the Introduction the
NMSSM can bypass the most crucial constraint for the
MSSM with the upper bound for the light Higgs bos(h).
Therefore the NMSSM might remain a viable theoretical
background for direct dark matter search for relic neutralinos
in the post-MSSM epoch.
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