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We study the phenomenology of a new minimally extended supersymmetric standard (md&SM)
where a gauge singlet superfield is added to the MSSM spectrum. The superpotential of this model contains no
dimensionful parameters, thus solving ftagoroblem of the MSSM. A global discrefe symmetry, forbidding
the cubic singlet self-interaction, imposed on the complete theory, guarantees its stability with respect to
generated higher-order tadpoles of the singlet and solves both the domain wall and Peccei-Quinn axion
problems. We give the free parameters of the model and display some general constraints on them. Particular
attention is devoted to the neutralino sector whetguasipure singlino appears to balwaysthe LSP of the
model, leading to additional cascades, involving the NLSR.SP transition, compared with the MSSM. We
then present the upper bounds on the masses of the lightest and next-to-lightest—when the lightest is an
invisible singlet—€ P-even Higgs bosons, including the full one-loop and dominant two-loop corrections.
These bounds are found to be much higher than the equivalent ones in the MSSM. Finally, we discuss some
phenomenological implications for the Higgs sector of the nMSSM in Higgs boson production at future hadron
colliders.
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I. INTRODUCTION into the model one should stick to dimensionless couplings at
the renormalizable level. This can be achieved by imposing a
Supersymmetry provides a well-defined framework forZz symmetry on the renormalizable part of the superpoten-
the study of physics beyond the standard ma@&). Its tial. The resulting model, the next-to-minimal supersymmet-
main motivation has been the special properties of supersyntic standard modeINMSSM), has the following superpoten-
metric (SUSY) theories with respect to the hierarchy prob- tial:
lem. In addition, the low-energy data support unification of
the gauge couplings in the SUSY case, in contrast with what
happens in the SM scenario. Another interesting feature of
SUSY models is that the breaking of the electrow¢aW)
symmetry can be radiatively triggered by the largeness of thevhere the ellipsis stands for the usual quark and lepton
top quark mas$1]. The minimal supersymmetric standard Yukawa couplinggsee Eq.(2)]. The Z3 symmetry is spon-
model (MSSM) [2] is defined by promoting each standard taneously broken at the EW scale when the Higgs fields get
field into a superfield, doubling the Higgs fields and impos-a nonzero VEV. It is well known, however, that the sponta-
ing R-parity conservation. Because of the nonobservation oheous breaking of such a discrete symmetry results in disas-
superpartners of the standard particles, supersymmetry hastitous cosmological domain wallsunless this symmetry is
be broken at a scall g5y not larger tharO(TeV), so that  explicitly broken by the nonrenormalizable sector of the
it still provides a natural solution to the hierarchy problem.theory. Domain walls can be tolerated if there is a discrete-
Unfortunately, a phenomenologically acceptable realizatiorsymmetry-violating contribution to the scalar potential larger
of EW symmetry breaking in the MSSM requires the pres-than the scal®(1 MeV) set by nucleosynthedi8]. Heavy
ence of the so-calleg term, a direct SUSY mass term for fields interacting with the standard light fields generate in the
the Higgs fields, with values of th@gheoretically arbitrary  effective low-energy theory an infinite set of nonrenormaliz-
parameten close toMg,sy Or Myy, When its natural value able operators of the light fields scaled by powers of the
would be either 0 or the Planck mad8, . Of course, there characteristic mass scale of the heavy sectdfp(
exist explanations for a®@(Myy) value of theu term, alas, Mgyt, . ..). These terms appear either Bsterms in the
all in extended settingi3]. Kahler potential or ag- terms in the superpotential. It is
The more or less straightforward solution to theknown, however, that gauge singlet superfiaiidsnot obey
u-problem is to promote th@ parameter into a field whose decoupling[3,9], so that, when supersymmetry is either
vacuum expectation valu®/EV) is determined, as the other spontaneously or softly broken, in addition to the suppressed
scalar field VEV's, from the minimization of the scalar po- nonrenormalizable terms, they can in general give rise to a
tential along the new directiofd—7]. Naturally, it is ex- large tadpole term in the potential proportional to the heavy
pected to fall in the range of the other VEV's, i.e., of orderscale:MéUSYI\/l p(S+S*). Technically, the tadpole is gener-
O(Mgysy). Such a superfield has to be a singlet under theted through higher-order loop diagrams in which the non-
SM gauge group. In order to avoid introducing new scalesenormalizable interactions participate as vertices together

K
W=\SH;H,+ §s3+..-, (1)
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with the renormalizable ones. A discrete global symmetrysesses two additional global continuous symmetries, namely,
similar to the one discussed above would forbid this term buan anomalous Peccei-Quinn symméttyl)pq with charges
would lead to the appearance of disastrous domain walls

upon its unavoidable spontaneous breakdown. The generated Q(—1), U%0), D%0), L(-1),
large tadpole reintroduces the hierarchy problem, since due .
to its presence the singlet VEV gets a valys)? E*(0), Hi(1), Hx1), S(-2) (€)

~MgysyMp. It appears thaN=1 supergravity, spontane-

ously broken by a set of hidden sector fields, is the natura?lnd a nonanomalowg-symmetryU(1) with charges

setting to study the generation of the destabilizing tadpoles. 1 US(1 DS(1 L(1 ES(1
A thorough analysis carried out in R¢fLO] shows that the QM. @ 1. LA, @,
only harmful nonrenormalizable interactions are either even H.(0), H,(0), S(2). (4

superpotential terms or odd Kker potential ones. In addi-
tion, operators with more than six powers of the cutoff in theOne of the solutions worked out consists in imposing the
denominator are harmless. Finally, a tadpole diagram is didiscrete sub-symmetrfsr of the U(1)g combinationR’

vergent only if it contains amdd number of “dangerous”  =3R+PQ on the complete theory, including nonrenormal-
vertices. izable operators. The charges undgg are
The solution of thew problem in the framework of the
NMSSM could be rendered a viable one if the destabilization (Hy,Hy)—a(H,,H>5),
problem were circumvented. What is needed is a suitable
symmetry that forbids the dangerous nonrenormalizable (Q,L)—a?(Q,L),
terms and allows only for tadpoles of order ;g S+ S*).
This symmetry should at the same time allow for a large (U°,D%E®)—a®(U°,D%E), 6)
enoughZs-breaking term in the scalar potential in order to
destroy the unwanted domain wa]tk1]. S—a’s,
An alternative approach is to impose a symmetry which,
although it does not forbid the dangerous nonrenormalizable W—aWV,

terms, only allows for higher-order tadpole graphs that give a 2imls ) )
n-loop-suppressed terrﬁl/(lﬁwz)“]MéL,SYM o(S+S%). A where a=e . An adequately supp_ressed linear term is
case of particular interest is when the cubic self-interactiorf€nerated at six-loop level by corr;blmng th% nonrenormaliz-
for the singlet in Eq(1) is forbidden by the symmetry. Ac- able Kaler psotentlal terms A\, S°H;H,/Mp+H.c. and
tually, it should be noted that if the underlying theory is aX2S(H1H2)*/Mpa+H.c. with the renormalizable superpoten-
grand unified theoryGUT), although a candidate for the tial termASH;H,:
singlet exists, a cubic term does not arisén the other
hand, this case is truly minimal in the sense that, apart from
promoting thex parameter into a field, no new renormaliz- Viadpole™ (16m2)8
able terms appear in the superpotential. Of course, a substi-
tute is needed for the twofold role played by the cubic term This tadpole has the desired order of magnitGd® ;) if
namely, its contribution to the mechanism generating the, ,\ ,\*~1073.
VEV of S through the soft SUSY breaking terms and the  The goal of this paper is the phenomenological study of
breaking of the Peccei-Quinn symmetry present wkerD.  this nMSSM, where a gauge singlet superfield is added to the
This role can be played by the tadpo(Blote that this is not  MSSM spectrum and a globdks symmetry is imposed on
included in thex— O limit of the existing NMSSM analyses, the complete theory, resulting in the superpotential of(&j.
which up to now have ignored the tadpole teff6,12.)  and the tadpole term of Eq6). In Sec. Il we review the
Recently, a viable solution along these lines was proposegeneral properties of the parameter space of the model. Phe-
based on discret® symmetried13]. The renormalizable su- nomenological aspects of the nMSSM are addressed in Sec.
perpotential for this new minimal supersymmetric extension|. The neutralino sector, including thé&quasi-purg sin-
of the standard mod¢hMSSM) is given by glino, is studied in some detail. Also bounds 6P-even
Higgs masses versus their couplings to gauge bosons are
W=ASH;H,+Y,QU°H,+Y4QD°H,+Y.LE®H,. (2) displayed along with Higgs production cross sections at fu-
ture hadron colliders. Section IV contains our main conclu-

) sions.
Apart from the usual Baryon and Lepton number, it pos-

AN ME s Mp(S+SF).  (6)

IIl. MODEL SETUP

Yin Eg, for example, matter and Higgs fields are contained in the The .tree-leveI.Higgs scalar po'FentiaI, narr(l)erLthe poten-
27 representation together with a singlet. Although the standardial which contains the scalar fieldsl;=(H;,H;), H;

trilinear singlet Higgs field term is present in tB@ coupling, no  =(H, ,Hg) andS has the form
singlet cubic term arises. The same is true Egrembeddings of
SO(10) andSU(5). V(O):VF+VD+Vsoft+ Vtadpole )
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VE=|NL([Hq|*+[Ho|?)[ S|+ [Hq[?[H,|?] S 1s h? : s
=1+
— N AH®* HI*H HS +H.c), (8) Ha 1672
24 52 2 d corrections to the top-quark Yukawa coupling with, to
g1+03 93 an p-q pling ,
Vo=—g—[IHi*~[Hol’ P+ [HIH?% (9  ordersh?, as
2 2 2 2 2| a2 9
Vsor= My, | Hal*+ mig [Ho[*+ mg[S| n(m)=hy(Q)| 1+ 2(327ra5—§ht2)t .19
ar

+(NA\SH;H,+H.c). (10

) _ In general, the parameteks A, , and ¢ could be complex.
In what foIIows., we shall assume a phenomenological PoiNHowever, by redefining the fieldd, (or H,) andS, one can
of view and write the generated tadpole as always get—without loss of generality—thatA, ,&3eR.
Note that in the NMSSM with the cubic singlet superpoten-
tial term 3 «S® one has to furtheassumethat the combina-
tion Ax* (or, equivalently, A,/A,) is real [5,6]. By
SU(2). XU(1)y gauge invariance one can get rid of the

VtadpoleE gs( S+8* ), (11)

where¢ is treated as a free parameter.

In order to obtain the correct upper limits on the Higgs . Z
boson masse¢see Sec. Il B radia?i\rje corrections to tr?eg phase ofH;, by takmg(Hl)z_(_) andhlE<HC1)>E.R.+' One .
tree-level potential have to be considered. Let us introduce §2" then show that the condition for a local minimum with
scaleQ~Mgysy and assume that quantum corrections in-(Hz)=0 i equivalent to a positive mass squared for the
volving momentap?=Q? have been evaluated, e.g., by the charggd I—pggs boson. It has been proven that a sufﬁqent
integration of the renormalization group equatiéRGE9 of  condition isA<g, [14] which, as we shall see belo%v, IS
the parameters from initial values at the GUT scale down tdways verified in the universal case. By takihg=(H3)
the scaleQ. One is then left with the computation of quan- =p2€'%2, s=(S)=pee'% and minimizing the complete
tum corrections involving momentp2<Q?. The effective  (two-loop) effective potential with respect t, and ¢,, we

potentialV¢ can be developed in powers &for loops as  find that there is one and only one global vacuum for which
the two phases relax to zero, i.ehyg= $,=0. This implies
Vo= VO 4+ VD 4@ 4 (12 that there is no spontaneoG< violation. Therefore one can

In

1
vl=——sTrm*
6472

chooseh, e R* andh,,seR. This result distinguishes the
The tree-level potentia¥/(®) is given by Eq.(7). The one- nMSSM from the usual NMSSM where loop corrections can
loop corrections to the effective potential read as generate spontaneo@P violation [15].
The soft terms of the model can be constrained by requir-

M2\ 3 ing universality at the GUT scale. The independent param-

| 3| (13 eters of the model are then a universal gaugino mMass

Q (always positive in our conventigna universal mass for the
whereM? is the field dependent squared mass mairi>our scalarsmf,, a universgl rilinear couplin@o (either positive
analysis, we take only top-quark—top-squark loops into acY’ negativg, the (positivg Yu_k_awa couplingh, at the scale
cound. Next, we consider the dominant two-loop correc- Meut and the tadpole .coeff|0|er§t The (well-known) valug
tions. These will be numerically important only for large of the Z-boson mass fixes one of these parameters with re-
SUSY breaking terms compared to the Higgs VEWis spect to the others, so th_at we end up Wlt_h four free param-
hence we can expand in powershgf Since the terms qua- eters at the GUT scale, .€., as-many as in the MSSM with
dratic inh; can be absorbed into the tree-level soft terms, Weunlversal soft terms. In prmgple, one coulq choos% the same
just consider the quartic terms, and here only those which ar%etjotf freeziarfhmeteriha)s\ n thedMSt)SM, ”g'l’tz’ Mo, '305
proportional to large couplings: termsashy and~h®. Fi- and tans(=h,/hy), with A, s, and¢ being determined by
nally, taking only leading logarithm@ Ls) into account, the the three minimization equatl_ons, demanding c_':llso radiative
ox réssion foV® reads ' electroweak symmetry breakirid]. However, this appears
P to be a nontrivial issue, as also influences the running of

2 \2 the RGEs of the soft parameters between the GUT and the
h; 3 . ;
v@=3 h4( 30— —hz)tz, (14) EW scal_e. In qther terms, one would need. a lot qf fine tuning
L 6m2| ° s 2t of the dimensionfulA, in order to get a dimensionless pa-
rameter\ of the desired value at the EW scale. Therefore, in
wheret=In(Q%mP), m, being the top-quark mass. One-loop the case of universality, we conveniently adopt in our nu-
corrections to the tree-level relations between bare paranmerical analysis the following input parametemglMl,z,
eters and physical observables, once reinserted in the onfg/My;,, &/My;,, and g (tanB and s being calculated
loop effective potential, also appear as two-loop effectsfrom the minimization of the potential and the overall scale
These are corrections to the kinetic terms of the HiggaVy, fixed by M»).
bosons, which lead to a wave function renormalization factor If one requires the absence of a Landau singularityxfor
Zy, in front of theD ,H,D*H, term with, to ordeth? below the GUT scale, one obtains an upper bound anthe
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8T T T T T T T "~ T T mg
: . —=1. (19
0.7 M 1/2
06k However, the tunnelling rate from the standard EW mini-
mum to a UFB one is in general quite smdlb], so that this
05 constraint can be avoided if one is ready to assume that the
standard EW vacuum is metastable.
x'max 041
I1l. PHENOMENOLOGICAL ASPECTS OF THE nMSSM
03
A. Singlino LSP and additional cascades
02f The nMSSM contains additional gauge singlet states in

the Higgs sectorfone neutralCP-even and oneCP-odd

statg and in the neutralino sectda two component Weyl

fermion). These states are mixed with the corresponding

ones of the MSSM, and the physical states have to be ob-
tan B tained from the diagonalization of the mass matrices in each

_ e SEctor. In the basisB,W?,H?,HS,S) the (symmetrig neu-
FIG. 1. Upper bound on\_as a function of_ ta for m; tralino mass matrix reads as
=173.8-5.2 GeV[18]. The width of the curve is due to the un-

certainty onmpP'®. My 0 —g;hy/\2 gihy/y2 0

EW scale. This upper bound depends on the value of the Mz gni/\2  —goha/\2 0
top-quark Yukawa couplindy,, i.e., on tarB (cf. Fig. 1. MO= 0 \sS Ahy
Requiring furthermore universality at the GUT scale, one 0 \h,
ends up with a more restrictive constraiknt0.3, higher

values leading to unphysical global minima of the effective 0
potential.

Let us now briefly address the problem of charge and _
color breaking(CCB) minima. The most dangerous CCB Note that the diagonal singlind5f mass term is zero. Fur-
direction involves the trilinear couplindhA.Eg L;H;  thermore, the singlino mixinggvith Higgsinos are propor-
whereh, denotes the electron Yukawa coupling 10 °),  tional to\, which, as remarked earlier, turns out to be quite
Er 1 is the right-handed selectrob; the left-handed slepton small, especially in the universality scenario. Consequently,
doublet of the first generation, ard, the corresponding the singlino state appears to be an almost pure singlet state
Higgs doublet. From the absence of a non-trivial minimumwith a very small mass, so that it is always the lightest su-
of the scalar potential in th®-flat direction |[Eg4|=|L,|  persymmetric particléLSP) of the model. Actually, in the
=|H,|, the following inequality among the soft SUSY universal case, we find few Me¥mg=3 GeV, with a sin-
breaking terms can be derivédi]: glet componen&99%. This state has only small couplings
to the gauge bosons and to the other spartiqfd&e have
explicitly checked that its contribution to the invisible
Z-boson width is<4.2 MeV [18].) Thus, the production
cross sections of the singlino are small and it seems to be
wheremZ, m?, andm? are the soft SUSY breaking mass nearly impossible to observe this particle in any experiment,
terms associated with the three fields above. If the inequalityhis rendering the nMSSM apparently similar to the ordinary
(17) is violated, the fields develop VEV's @(A./h,) and MSSM. However, as the singlino is the LSP of the model, it
the depth of the minimum is d(Ag/h?%). Accordingly, Eq. Wil appear at the end of all sparticle decay chains, giving
(17) has to be imposed at a sc&e~A,/h,~10" GeV. As- rise to additional cascades compared with the MSSM signals.

suming universal soft terms at the GUT scale, Bq) then ~ Such additional cascades are common to many supersym-
becomeg6] metric extensions involving singlef42,19. It should be no-

ticed, however, that unlike in the NMSSM, where the sin-
glino LSP scenario requires strong constraints on the
parameter spacg.e., M ,,5>mg,Aq) [12], the singlino isal-
waysthe LSP in the nMSSM.

So-called unbounded from beloWFB) directions (which In addition, by assuming universality at the GUT scale,
actually never occurs in the universal casan also be con- We find that the next-to-lightest supersymmetric particle
sidered. Assuming universality for the soft terms, the ab{NLSP) is always the second lightest neutralino, which turns
sence of a global minimum in these directions typically im-out to be a quasipure bind@j. Depending on the region of
plies[16,17 the parameter space under scrutiny, the following channels

0.1

(20

AZ<3(mZ+mZ+m?), (17)

(Ag—0.5M 15)2<9m3+2.6M32,,. (18
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can play a role in the NLSP> LSP cascadeB—Syy  breaking[20] O[XVith R-parity violation [21]. In principle,
(sneutrinoZ exchangg giving an invisible cascadeB  SMallA’s (=10°7) could give rise to a delayed NLSP-

~ LSP transition, i.e., a displaced neutral verfg®,19. How-
—SITI™ (sleptonZ exchangg where the leptons could be ) .

) , o ~ _ ever, such values of are disfavored if one wants the tadpole
mainly 7's, the stau being lighter than. the ot'her S_IeptCB'.S' term of Eq.(6) to be large enough, so that displaced neutral
—$Sqq (squarkZ exchanggthe branching ratio being quite vertices are not expected as typical signatures of the
small (=10%), as the squarks are usually heaBy:>SZ if NMSSM.
the B is heavy enoughB—SS whereSis a light quasi-pure
singlet Higgs boson, decaying bib or 77 depending on its B. Higgs couplings and mass bounds

mass;B— Sy through loops. The properties of these cas- ) )
The Higgs sector of the nMSSM consists of three

cades have been analyzed in detail in R&g] for the case !
of the NMSSM and most of the results can equally apply toCP-even neutral states, denoted 8ywith massesn; <m,

the case of the NMSSM. As for experimental searches, high~Ms, plus two CP-odd neutral states, labeled & with
multiplicity events have been under investigation already inmassesm;<m,. The tree-level mass matrix for the
the context of models with gauge mediated supersymmetr P-even states in the basis (R§,ReH3,ReS) reads

g’hi—\sA tanB (2 >—g?)h;h,+AsA,  N(2Ash,+A,hy)
22
2 g“h5—\sA, cotp N(2Ashy,+A,hy)
M= hh, £ (21
N R
A A \S )\)\s

where gz=(gi+ gi)/2. In the reminder of this section, we moderate onetsee Fig. 2. In contrast, the radiative correc-

study the upper bounds on the light€sP-even states with tions are identical in the nMSSM and in the MSSM. In par-

general soft SUSY breaking terms, in a nonuniversal sceticular, the linear dependence ¥j is the same in both mod-

nario. By Itaking into aclc(:ount the fulll(one—loo.p an(c:ij'th? dorgi_—e|s_ Hence, from Eq(23), the upper bound ormf is

nant two-loop top-quark—top-squark corrections displayed i L v ; A

Sec. Il, and ESSLE)mqinlgi<MSFL),SYC,4 one obtains the foIIFc))wiyng rbwaxu_mzed f_or_XI:G (correspon@_ng_ (A= @M susy, the
maximal mixing” case and minimized forX;=0 (corre-

upper limit on the lightes€ P-even Higgs boson mass: } ~ o
sponding toA,=0, the “no mixing” case.
2)\2 3h?
mi<M3| cos 28+———sin* 23 (1——;t) 140 L I A S
01t09> 8w
3h3(my) 1 1 ey LT~ ]
t t 2 . > 4. T ]
+ m2(m,)sir? B| =X, +t+ P
472 H(mysie £ 5% 1672 130 | I
,l
3 ~ L
x| 5h?—32mas| (X + 0t (22) 125 1
i
m, 120} i
where ; l'
L |
I A2 " |
Xi=2— - (23) 110 L !
Msusy 12Mgysy, 0 "
_ |
A=A;—\scotp, (24) 105 | |I
|
A; being the top trilinear soft term. 100 Ll
The only difference between the MSSM boui#®] and o 1 2 3 4 . 5 8 6 7 8 9 10
an

Eq. (22) is the “tree-level” contribution~\2sirf2B. This
term is important for moderate values of {@nHence, the FIG. 2. Upper bound orm, [GeV] versus taig for mf°¢
maximum of the lightest Higgs mass in the nMSSM is not=173.8+5.2 GeV(straight, dashed, dotted line, respectiyeind

obtained for large tap values, as in the MSSM, rather for Mg gy=<1 TeV.
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However, the upper limit om, is not necessarily physi- K,
cally relevant, since the coupling of the lighte8P-even 190 %% 08 02 = ?
Higgs boson to th&-boson can be very small. Actually, this
phenomenon can also appear in the MSSM, if(@r «) is
small. In this case though, theé P-odd Higgs bosomA is 10 [ .
necessarily light ha,~m,<M at tree-level and the pro-
cesse’e” —Z—hA can be used to cover this region of the AN
MSSM parameter space. In the nMSSM, a small gauge bo- 170 | sy .
son coupling of the lightest HiggS, is usually related to a ; 7\\
large singlet component, in which case (strongly coupled % RN
light CP-odd Higgs boson is available. Hence, Higgs M0, ~ ]
searches in the nMSSM have to possibly rely on the searct N
for the second lightest Higgs scal8s. T e T, T, Ty
Let us define the reduced couplifty as the square of the 180 e g . ]
ZZ S coupling divided by the corresponding standard model 120 . S N
Higgs<Z boson coupling ‘ o

P
e
-

@

®

140 | ‘ e S TR 4
130 o :

Ri — (Sil C05ﬁ+ Si2 Sinﬁ)z, (25) 135-5 B — ::':’k: =

130 . sl I (I B
0.5 0.6 0.7 0.8 0.9 1

where S;1,S;, are theH,,H, components of th& P-even

Higgs bosonS;, respectively. Evidently, we have=<0R; FIG. 3. Upper limits on the mass, (in GeV) againstR,, for

=<1 and unitarity implies different values ofn, (as indicated on each line in Gg\assuming
mPoe=173.8 GeV andVigysy<1 TeV. R;=1-R, is shown on

3 the top axis. The thick straight line corresponds to LEP-II lower
;1 Ri=1. (26) limits on m; vs R;.

We are interested in upper bounds on the two lightestixed values oim; (as indicated on each curvéhey can be
CP-even Higgs bosonS, ,. These are obtained in the limit ysed to obtain upper limits on the mass, in the regime
where the third Higgs bosorgs, is heavy and decoupled, R, <1/2, for arbitrary experimental lower limits on the mass
i_.e._, Rs~0 (this scenario is similar the so-callgd decoupling m, versusR,. For each value of the coupling,, which
limit in the MSSM: the upper bound on the lightest Higgs \oy|q correspond to a vertical line in Fig. 3, one has to find
bosonh is saturated when the second Higgs .bo*.“’r.‘s the point where this vertical line crosses the dotted curve
heavy and decouples from the gauge bosomsthis limit, associated to the corresponding experimental lower limit on
we haveR; +Rp=1. m;. Joining these points by a curve leads to the upper limit

In the regimeR;=1/2, experiments will evidently first . . .
. : . . on m, as a function ofR,. We have indicated as a thick
<133. . L .
discover the lightest Higgs bosgwith m; <133.5 GeV for straight line in Fig. 3 the present CERB'e™ collider

pole_ _ ‘@
sr,rz:tenarilcz?.ii tGhiesVrzn?rXeSUggrr;s -I;)i\c/i)s ;hi 1V£r§t éi?/e LEP-II bounds[23], which give, in the “worst case” sce-
g b ! ; nario, an upper limit orm, of =160 GeV forR,=1/2.

andR;=1/2: the presence of a Higgs boson with these pro . - . .
! P 99 WI brop Lower experimental limits on a Higgs boson wifR

erties has to be excluded in order to test this part of the ; ) o
parameter space of the nNMSSM. >1/2 restrict the allowed regime fom, (for R,>1/2) in Fig.

In the regimeR,<1/2 (i.e., 1/2<R,<1) the lightest 3 from bglpw. The_ present lower limits an, from LEP-II
Higgs boson may escape detection because of its small co@!€ not visible in Fig. 3, since we have only shown the range
pling to gauge bosons, and it may be easier to look for théh.>130 GeV. Possibly Higgs searches at Tevatron Run-II
second lightest Higgs,. In Fig. 3 we show the upper limit Will push the lower limits onm, upwards into this range.
on m, as a function ofR, as a thin straight line. FoR,  This would be necessary if one aims at an exclusion of this
—1 (i.e.,R;—0), the upper limit orm, is actually given by regime of the nMSSM. Then, lower limits on the mass
the previous upper limit om,, even if the corresponding m,—for any value ofR, between 1/2 and 1—of at least
Higgs boson is the second lightest one. Rgr—1/2, on the  133.5 GeV are required. The precise experimental lower lim-
other handm, can be as large as 190 GeV. However, oneits onm, as a function oR,, which would be needed to this
finds that the upper limit om, is saturated when the mass end, will depend on the achieved lower limits an as a
m, of the lightest Higgs boson tends to 0. Clearly, one has tdunction of R; in the regimeR;<<1/2.
take into account the constraints from Higgs boson searches In principle, from Eq.(26), one could havér,>R; with
which apply to reduced coupling®<1/2, i.e., lower limits R, as small as 1/3. However, in the regime<R,<1/2, the
onm, as a function oR;=1—R,, in order to obtain realistic upper bound orm, as a function ofR, for different fixed
upper limits onm, versusR,. The dotted curves in Fig. 3 values ofm; can only be saturated R;=R,. It is then
show the upper limit om, as a function oR, for different  sufficient to look for the lightest Higgs bos@ (i.e., for a
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Higgs boson with a coupling 1/8R<1/2 and a massn PP~ VS, (V=WZ) at NLO in the newMSSM
<133.5 GeV) to cover this region of the parameter space of ~ * . ) 1‘0 ‘ | | - | W
the NMSSM. . e

Imposing universality of the soft terms at the GUT scale,
CCB constraint[Eq. (17)] and LEP-II experimental con-
straints on Higgs mass¢23] one finds the more restrictive
bound m;<122 GeV under the same hypothesas{{®
=173.8t5.2 GeV and Mgusy<l TeV) and m,
<135 GeV in the case wher§, is mainly singlet R,
<Ry).

One can notice that these results are the same as thos
obtained in the NMSSM24]. This comes from the fact that
the nonsinglet part of th€ P-even mass matri21) as well
as the singlet-nonsinglet mixing terms are the same in both
models, giving the same upper limit om;, Eq.(22) and Fig.

2. Even though they are not similar, tl&P-even singlet tan 8

mass ternjthe 3xX 3 element in Eq(21)] is “free” in both FIG. 4. Minimum of th ducti i ¢ al
models, i.e., it can take any value between 0 arfd TeV. . imum of the production tcross section ot a neutra
scalar Higgs with SM-like couplings té/~ andZ gauge bosons at

This prlalns why the curves displayed in F'91 3 are thethe LHC, as a function of taf, in correspondence of the maximum
same in both models, the upper boundswnsteaming from \g1yes of its mass, in both the MSSM and the nNMSSM.
degenerate singlet-nonsinglet mass terms, degeneration lifted
by the mixings[off-diagonal 1X3 and 2<3 terms in Eq. nMSSM when, e.gR;=1 andR,= 0.2 Under these circum-
(22)]. stances, the mass of thescalar would only depend on tgn
Thus, the phenomenological potential of the nMSSM isand the minimum of the Higgs production cross section is
not less exciting in the Higgs boson sector than it is in theobtained, in both SUSY models, in correspondence of the
sparticle sector. On the one hand, the necesgarynot suf- ~maximum Higgs mass. Figure 4 shows this dependence for
ficient) condition for testing the complete parameter space oboth the MSSM and the nMSSM at the LHC, witfis
the NMSSM s to rule out & P-even Higgs boson with a =14 TeV.(The trend is very similar at the Tevatron, where
coupling 1/3<R<1 and a mass below 135 GeV. On the Vs=2 TeV) Over a broad range in tg the production
other hand, the sufficient conditiafie., the precise upper rates of the latter are significantly below those of the former,
bound onm, versusR,) depends on the achieved lower with a minimum at tar=2.7 (for m=173.8 GeV), own-
bound on the mass of a “weakly” coupled Higgs bosoning to the peculiar tag dependence of the maximum value
(with 0<R<1/2) and can be obtained from Fig. 3. At the of m;, as seen in Fig. Zrecall instead that the maximum
Tevatron Run-II this would probably require an integratedmass of the lightest Higgs boson of the MSSM increases
luminosity of up to 30 fb! [25]. If this cannot be achieved, monotonically with tam [22], hence the cross section here
one has to wait for the advent of the LHC, in order to knowdecreases correspondingly, for {8 40).
whether the nMSSM is actually realized in nature. Thus, if tanB has already been measured in another con-
An intriguing example of possible evidence of the text(e.g., in SUSY sparticle procesge® detect an isolated

NMSSM at future hadron-hadron colliders is the following. scalar resonance in theb channel(the dominant decay
Recall that a crucial signature for an intermediate Higgs bomodel in either model foiM Higes=133.5 GeV), at a rate
son at both the Tevatron and the CERN Large Hadron Colwell below the minimum one predicted by the MSSM, could
lider (LHC) is the one produced viaq’— W= Higgs boson imply that physics beyond the latter would be realized in
(with a smaller contribution frongg—2Z Higgs boson as hature. In fact, the reader should recall that the(iBiBgs
well), with the gauge vector yielding high transverse-boson-bb) is basically the same in both modd®6] and
momentum and isolated leptons and the scalar Higgs bosdhe combined uncertainties on the rates of the latter and of
decaying intcbb pairs. Now, let us imagine that Higgs boson the production modesdue to higher-order effects, parton
searches in this mode have finally revealed the evidence of @stribution functions, hard scale dependence) ei@ of the
light scalar Higgs boson resonance, but no further Higgs boorder of just a few perceri27]. In contrast, the differences
son states are detected up to well above the EW s@ale. Dbetween the MSSM and nMSSM rates can be as large as a
this respect, the LHC is a better example to illustrate, agactor of two, in the vicinity of tag=2.7, and well above
compared to the Tevatron, because of its much extendelile mentioned uncertainties for tArup to 10 or so. Besides,
scope in mass. This scenario could be realized in the

MSSM, if the latter is in the above mentioned decoupling

regime, where one has,=~my~ma>Mz and the strength  2ryrther notice that no matter their actual mass value, pseudo-
of the lightest Higgs boson couplings to the gauge vectokcalar neutral Higgs states of either model cannot be produced via

bosonsW* andZ approaches unityR,=sir’(8—a)=1. In-  the above two processes, as their couplingfo and Z vectors is
deed, this phenomenology can also be realized in therohibited at tree-level.

R, = Ry = 0.0 dashed - Z

Orain(Pb)
A®L ¥1 = 8 A 'DH1

MSSM (R,

o
T | LI B | L e — ‘ LI S

(=]
[s¥)
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kinematical analysis of theb system might provide further that the phenomenology of the nMSSM is very similar to
evidence in this respect, if the mass resolution is larger thafhat of the NMSSM, as far as the Higgs sector is concerned.
the difference between the Higgs mass values, as predictddowever, a dramatic difference is revealed between these
by the two models for a given ta Similar arguments can two models, if one investigaté&3P-violation effects. In fact,

be made for the case of tiggg— Higgs bosor- yy signature N0 matter the actual value of, a peculiar feature of the
too, however, the production and decay phenomenology iMSSM is the following: Contrary to the NMSSM case,
here much more involvetbecause loop processes take placesPontaneou€ P violation cannot occur in the Higgs sector

at either stagke so that we leave it aside for future consider- of the NMSSM, neither at tree-level nor at one-loop.
ation [28]. Finally, further differences between the nMSSM and any

other model can be appreciated in the sparticle sector. In fact,
IV. SUMMARY AND CONCLUSIONS here, two concurrent aspects render the phenom_enology of
the former both more “spectacular” and “natural,” in com-
We have studied the phenomenology of the nMSSMparison to the MSSM and the NMSSM, respectively. First,
which promotes theu-parameter into a singlet superfield, the lightest neutralino appears to be an almost pure singlet
hence solving the well-knowp-problem of the MSSM. In  state. Secondly, such a stdthe “singlino”) is always the
addition, cubic self-couplings and possible dimensionfulLSP of the theory, with a very small maégrying from a
couplings are avoided in the nMSSM thanks to a global disfew MeV to a few GeV. The consequence is twofold. On
crete R symmetry, in turn broken by supergravity-induced the one hand, in comparison to the NMSSM, the singlino
tadpole corrections, which solves both the so-called “do-LSP scenario requires no strong constraints to be imposed on
main wall” and “axion” problems. The new model is truly the parameter space. On the other hand, in comparison to the
minimal, in the sense that—despite incorporating newMSSM, any sparticle decay chain involves a further step, the
fields—it can be parametrized by the same number of inputSILSP — LSP transition, giving rise to additional cascades.
as in the MSSM in the universal case. Its phenomenology The stimulating issue that such an LSP could be a good
stands out quite different from that of both the ordinarydark matter candidate or, alternatively, could be excluded
MSSM and the so-called next-to-minimal supersymmetricirom cosmological arguments, also deserves attention. How-
standard modeINMSSM)—where the cubic self-interacting ever, a quantitative analysis in this respect was far beyond
coupling is instead present. In particular, the following as-the intention of this paper.
pects emerged as crucial from our analysis. Concluding, the nMSSM s, at the same time, thest
Assuming an accuracy up to the dominant top-stop contheoretically motivatecaind themost economicaBUSY ex-
tributions at two-loop level and depending on tineduced  tension of the SM. Here, we have pointed out differences or
couplings of the two lighte€ P-even Higgs bosons to thi¢  similarities between the new model, the NMSSM and the
boson, we have found that the upper limit on the mass of th&1SSM, in both the Higgs and neutralino sectors. Future col-
lightest Higgs boson state of the nMSSM can be 133.5 GeViider experiments, at Tevatron Run-1l and LHC, will be able
in correspondence of the central value of the top njaes  to prove whether or not the nMSSM is the realization of
m;=173.8 GeV, that is, about 10 GeV higher than the Supersymmetry that nature has chosen.
MSSM value and within the Tevatron Run-II reach. In addi- Note addedWhile finalizing this paper, whose main re-
tion, the upper limit on the mass of the lightest “observable” sults were made public already in R¢R29], we became
Higgs boson(i.e., the next-to-lightest one, when the lightestaware of Ref.[30], by Panagiotakopoulos and Pilaftsis,
one couples invisibly to th& bosor) could be as high as 160 which deals with a similar subject. In this respect, although
GeV but still within the LHC scope. we agree with the more general statements given in this other
To remain with the Higgs sector, we also have describeghaper, we would like to remark that there only the top-
a benchmark example that could allow one to phenomenoguark—top-squark one-loop corrections were used, whereas
logically distinguish the nMSSM from the MSSM in the here we have calculated also the corresponding two-loop
search for the lightest Higgs state at future hadron collidersgontributions. This explains the significant discrepancy be-
such as the Fermilab Tevatron Run-1l and the LHC. If onlytween their and our upper limit on the lightest Higgs boson
one neutral Higgs state is accessible through associated prarassm;<<150 GeV versusn;<133.5 GeV.

duction with an EW gauge vecta/= or Z, via its bb de-
cays, the knowledge of tag® and of the production rate of
such Higgs process could be enough to assign such a Higgs
state to one or the other of the two models, even prior to the A.D. is supported from the Marie Curie Research Train-
investigation of the mass resonance that can eventually bgg Grant ERB-FMBI-CT98-3438. C.H. and S.M. are grate-
reconstructed from thdb system. Production and decay ful to the UK-PPARC for its financial support. K.T. ac-
studies of all other Higgs states of the nMSSM are now inknowledges traveling support from the TMR network
progresq 28]. “Beyond the Standard Model.” K.T. also thanks the “late”

Despite the remarkable dissimilarities seen so far betweehheory Group at RAL for the kind hospitality while part of
the NMSSM and the MSSM, one might quite rightly questionthis work was carried out.
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