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Phenomenology of a new minimal supersymmetric extension of the standard model
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We study the phenomenology of a new minimally extended supersymmetric standard model~nMSSM!
where a gauge singlet superfield is added to the MSSM spectrum. The superpotential of this model contains no
dimensionful parameters, thus solving them problem of the MSSM. A global discreteR 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 where a~quasipure! singlino appears to bealwaysthe LSP of the
model, leading to additional cascades, involving the NLSP→ LSP 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—CP-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

Supersymmetry provides a well-defined framework
the study of physics beyond the standard model~SM!. Its
main motivation has been the special properties of supers
metric ~SUSY! theories with respect to the hierarchy pro
lem. In addition, the low-energy data support unification
the gauge couplings in the SUSY case, in contrast with w
happens in the SM scenario. Another interesting feature
SUSY models is that the breaking of the electroweak~EW!
symmetry can be radiatively triggered by the largeness of
top quark mass@1#. The minimal supersymmetric standa
model ~MSSM! @2# is defined by promoting each standa
field into a superfield, doubling the Higgs fields and impo
ing R-parity conservation. Because of the nonobservation
superpartners of the standard particles, supersymmetry h
be broken at a scaleMSUSY not larger thanO(TeV), so that
it still provides a natural solution to the hierarchy proble
Unfortunately, a phenomenologically acceptable realizat
of EW symmetry breaking in the MSSM requires the pre
ence of the so-calledm term, a direct SUSY mass term fo
the Higgs fields, with values of the~theoretically arbitrary!
parameterm close toMSUSY or MW , when its natural value
would be either 0 or the Planck mass,M P . Of course, there
exist explanations for anO(MW) value of them term, alas,
all in extended settings@3#.

The more or less straightforward solution to t
m-problem is to promote them parameter into a field whos
vacuum expectation value~VEV! is determined, as the othe
scalar field VEV’s, from the minimization of the scalar p
tential along the new direction@4–7#. Naturally, it is ex-
pected to fall in the range of the other VEV’s, i.e., of ord
O(MSUSY). Such a superfield has to be a singlet under
SM gauge group. In order to avoid introducing new sca
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into the model one should stick to dimensionless coupling
the renormalizable level. This can be achieved by imposin
Z3 symmetry on the renormalizable part of the superpot
tial. The resulting model, the next-to-minimal supersymm
ric standard model~NMSSM!, has the following superpoten
tial:

W5lSH1H21
k

3
S31•••, ~1!

where the ellipsis stands for the usual quark and lep
Yukawa couplings@see Eq.~2!#. The Z3 symmetry is spon-
taneously broken at the EW scale when the Higgs fields
a nonzero VEV. It is well known, however, that the spon
neous breaking of such a discrete symmetry results in di
trous cosmological domain walls, unless this symmetry is
explicitly broken by the nonrenormalizable sector of t
theory. Domain walls can be tolerated if there is a discre
symmetry-violating contribution to the scalar potential larg
than the scaleO(1 MeV) set by nucleosynthesis@8#. Heavy
fields interacting with the standard light fields generate in
effective low-energy theory an infinite set of nonrenormal
able operators of the light fields scaled by powers of
characteristic mass scale of the heavy sector (M P ,
MGUT, . . . ). These terms appear either asD terms in the
Kähler potential or asF terms in the superpotential. It i
known, however, that gauge singlet superfieldsdo not obey
decoupling @3,9#, so that, when supersymmetry is eith
spontaneously or softly broken, in addition to the suppres
nonrenormalizable terms, they can in general give rise t
large tadpole term in the potential proportional to the hea
scale:MSUSY

2 M P(S1S* ). Technically, the tadpole is gene
ated through higher-order loop diagrams in which the n
renormalizable interactions participate as vertices toge
©2001 The American Physical Society09-1
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with the renormalizable ones. A discrete global symme
similar to the one discussed above would forbid this term
would lead to the appearance of disastrous domain w
upon its unavoidable spontaneous breakdown. The gene
large tadpole reintroduces the hierarchy problem, since
to its presence the singlet VEV gets a value^S&2

;MSUSYM P . It appears thatN51 supergravity, spontane
ously broken by a set of hidden sector fields, is the natu
setting to study the generation of the destabilizing tadpo
A thorough analysis carried out in Ref.@10# shows that the
only harmful nonrenormalizable interactions are either e
superpotential terms or odd Ka¨hler potential ones. In addi
tion, operators with more than six powers of the cutoff in t
denominator are harmless. Finally, a tadpole diagram is
vergent only if it contains anodd number of ‘‘dangerous’’
vertices.

The solution of them problem in the framework of the
NMSSM could be rendered a viable one if the destabilizat
problem were circumvented. What is needed is a suita
symmetry that forbids the dangerous nonrenormaliza
terms and allows only for tadpoles of orderMSUSY

3 (S1S* ).
This symmetry should at the same time allow for a lar
enoughZ3-breaking term in the scalar potential in order
destroy the unwanted domain walls@11#.

An alternative approach is to impose a symmetry whi
although it does not forbid the dangerous nonrenormaliza
terms, only allows for higher-order tadpole graphs that giv
n-loop-suppressed term@1/(16p2)n#MSUSY

2 M P(S1S* ). A
case of particular interest is when the cubic self-interact
for the singlet in Eq.~1! is forbidden by the symmetry. Ac
tually, it should be noted that if the underlying theory is
grand unified theory~GUT!, although a candidate for th
singlet exists, a cubic term does not arise.1 On the other
hand, this case is truly minimal in the sense that, apart fr
promoting them parameter into a field, no new renormali
able terms appear in the superpotential. Of course, a su
tute is needed for the twofold role played by the cubic ter
namely, its contribution to the mechanism generating
VEV of S through the soft SUSY breaking terms and t
breaking of the Peccei-Quinn symmetry present whenk50.
This role can be played by the tadpole.~Note that this is not
included in thek→0 limit of the existing NMSSM analyses
which up to now have ignored the tadpole term@5,6,12#.!
Recently, a viable solution along these lines was propo
based on discreteR symmetries@13#. The renormalizable su
perpotential for this new minimal supersymmetric extens
of the standard model~nMSSM! is given by

W5lSH1H21YuQUcH11YdQDcH21YeLEcH2 . ~2!

Apart from the usual Baryon and Lepton number, it po

1In E6, for example, matter and Higgs fields are contained in
27 representation together with a singlet. Although the stand
trilinear singlet Higgs field term is present in the273 coupling, no
singlet cubic term arises. The same is true forE6 embeddings of
SO(10) andSU(5).
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sesses two additional global continuous symmetries, nam
an anomalous Peccei-Quinn symmetryU(1)PQ with charges

Q~21!, Uc~0!, Dc~0!, L~21!,

Ec~0!, H1~1!, H2~1!, S~22! ~3!

and a nonanomalousR-symmetryU(1)R with charges

Q~1!, Uc~1!, Dc~1!, L~1!, Ec~1!,

H1~0!, H2~0!, S~2!. ~4!

One of the solutions worked out consists in imposing
discrete sub-symmetryZ5R of the U(1)R8 combinationR8
53R1PQ on the complete theory, including nonrenorma
izable operators. The charges underZ5R are

~H1 ,H2!→a~H1 ,H2!,

~Q,L !→a2~Q,L !,

~Uc,Dc,Ec!→a3~Uc,Dc,Ec!, ~5!

S→a4S,

W→aW,

where a5e2ip/5. An adequately suppressed linear term
generated at six-loop level by combining the nonrenorma
able Kähler potential termsl1S2H1H2 /M P

2 1H.c. and
l2S(H1H2)3/M P

5 1H.c. with the renormalizable superpote
tial term lSH1H2:

Vtadpole;
1

~16p2!6
l1l2l4MSUSY

2 M P~S1S* !. ~6!

This tadpole has the desired order of magnitudeO(MSUSY) if
l1l2l4;1023.

The goal of this paper is the phenomenological study
this nMSSM, where a gauge singlet superfield is added to
MSSM spectrum and a globalZ5R symmetry is imposed on
the complete theory, resulting in the superpotential of Eq.~2!
and the tadpole term of Eq.~6!. In Sec. II we review the
general properties of the parameter space of the model.
nomenological aspects of the nMSSM are addressed in
III. The neutralino sector, including the~quasi-pure! sin-
glino, is studied in some detail. Also bounds onCP-even
Higgs masses versus their couplings to gauge bosons
displayed along with Higgs production cross sections at
ture hadron colliders. Section IV contains our main conc
sions.

II. MODEL SETUP

The tree-level Higgs scalar potential, namely, the pot
tial which contains the scalar fieldsH15(H1

0 ,H1
2), H2

5(H2
1 ,H2

0) andS, has the form

V(0)5VF1VD1Vsoft1Vtadpole, ~7!

e
d
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VF5ulu2@~ uH1u21uH2u2!uSu21uH1u2uH2u2#

2ulu2~H1
0* H2

0* H1
2H2

11H.c.!, ~8!

VD5
g1

21g2
2

8
@ uH1u22uH2u2#21

g2
2

2
uH1

†H2u2, ~9!

Vsoft5mH1

2 uH1u21mH2

2 uH2u21mS
2uSu2

1~lAlSH1H21H.c!. ~10!

In what follows, we shall assume a phenomenological po
of view and write the generated tadpole as

Vtadpole[j3~S1S* !, ~11!

wherej is treated as a free parameter.
In order to obtain the correct upper limits on the Hig

boson masses~see Sec. III B! radiative corrections to the
tree-level potential have to be considered. Let us introduc
scaleQ;MSUSY and assume that quantum corrections
volving momentap2*Q2 have been evaluated, e.g., by t
integration of the renormalization group equations~RGEs! of
the parameters from initial values at the GUT scale down
the scaleQ. One is then left with the computation of qua
tum corrections involving momentap2&Q2. The effective
potentialVeff can be developed in powers of\ or loops as

Veff5V(0)1V(1)1V(2)1•••. ~12!

The tree-level potentialV(0) is given by Eq.~7!. The one-
loop corrections to the effective potential read as

V(1)5
1

64p2
STrM4F lnS M2

Q2 D 2
3

2G , ~13!

whereM2 is the field dependent squared mass matrix~in our
analysis, we take only top-quark–top-squark loops into
count!. Next, we consider the dominant two-loop corre
tions. These will be numerically important only for larg
SUSY breaking terms compared to the Higgs VEV’shi ,
hence we can expand in powers ofhi . Since the terms qua
dratic inhi can be absorbed into the tree-level soft terms,
just consider the quartic terms, and here only those which
proportional to large couplings: terms;asht

4 and;ht
6 . Fi-

nally, taking only leading logarithms~LLs! into account, the
expression forV(2) reads

VLL
(2)53S ht

2

16p2D 2

h2
4S 32pas2

3

2
ht

2D t2, ~14!

wheret[ ln(Q2/mt
2), mt being the top-quark mass. One-loo

corrections to the tree-level relations between bare par
eters and physical observables, once reinserted in the
loop effective potential, also appear as two-loop effec
These are corrections to the kinetic terms of the Hig
bosons, which lead to a wave function renormalization fac
ZH2

in front of theDmH2DmH2 term with, to orderht
2
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5113

ht
2

16p2
t ~15!

and corrections to the top-quark Yukawa coupling with,
ordersht

2 , as

ht~mt!5ht~Q!F11
1

32p2 S 32pas2
9

2
ht

2D tG . ~16!

In general, the parametersl, Al , andj could be complex.
However, by redefining the fieldsH2 ~or H1) andS, one can
always get—without loss of generality—thatlAl ,j3PR.
Note that in the NMSSM with the cubic singlet superpote
tial term 1

3 kS3 one has to furtherassumethat the combina-
tion lk* ~or, equivalently, Al /Ak) is real @5,6#. By
SU(2)L3U(1)Y gauge invariance one can get rid of th
phase ofH1, by taking ^H1

2&50 andh1[^H1
0&PR1. One

can then show that the condition for a local minimum w
^H2

1&50 is equivalent to a positive mass squared for
charged Higgs boson. It has been proven that a suffic
condition is l,g2 @14# which, as we shall see below, i
always verified in the universal case. By takingh2[^H2

0&
5r2eif2, s[^S&5r0eif0 and minimizing the complete
~two-loop! effective potential with respect tof0 andf2, we
find that there is one and only one global vacuum for wh
the two phases relax to zero, i.e.,f05f250. This implies
that there is no spontaneousCP violation. Therefore one can
chooseh1PR1 and h2 ,sPR. This result distinguishes the
nMSSM from the usual NMSSM where loop corrections c
generate spontaneousCP violation @15#.

The soft terms of the model can be constrained by req
ing universality at the GUT scale. The independent para
eters of the model are then a universal gaugino massM1/2
~always positive in our convention!, a universal mass for the
scalarsm0

2, a universal trilinear couplingA0 ~either positive
or negative!, the ~positive! Yukawa couplingl0 at the scale
MGUT and the tadpole coefficientj. The ~well-known! value
of the Z-boson mass fixes one of these parameters with
spect to the others, so that we end up with four free para
eters at the GUT scale, i.e., as many as in the MSSM w
universal soft terms. In principle, one could choose the sa
set of free parameters as in the MSSM, i.e.,M1/2, m0

2, A0,
and tanb([h2 /h1), with l, s, and j being determined by
the three minimization equations, demanding also radia
electroweak symmetry breaking@1#. However, this appears
to be a nontrivial issue, asl also influences the running o
the RGEs of the soft parameters between the GUT and
EW scale. In other terms, one would need a lot of fine tun
of the dimensionfulA0 in order to get a dimensionless pa
rameterl of the desired value at the EW scale. Therefore
the case of universality, we conveniently adopt in our n
merical analysis the following input parameters:m0

2/M1/2,
A0 /M1/2, j/M1/2, and l0 (tanb and s being calculated
from the minimization of the potential and the overall sca
M1/2 fixed by MZ).

If one requires the absence of a Landau singularity fol
below the GUT scale, one obtains an upper bound onl at the
9-3
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EW scale. This upper bound depends on the value of
top-quark Yukawa couplinght , i.e., on tanb ~cf. Fig. 1!.
Requiring furthermore universality at the GUT scale, o
ends up with a more restrictive constraintl&0.3, higher
values leading to unphysical global minima of the effect
potential.

Let us now briefly address the problem of charge a
color breaking~CCB! minima. The most dangerous CC
direction involves the trilinear couplingheAeER,1L1H1
wherehe denotes the electron Yukawa coupling (;1025),
ER,1 is the right-handed selectron,L1 the left-handed slepton
doublet of the first generation, andH1 the corresponding
Higgs doublet. From the absence of a non-trivial minimu
of the scalar potential in theD-flat direction uER,1u5uL1u
5uH2u, the following inequality among the soft SUS
breaking terms can be derived@4#:

Ae
2,3~mE

21mL
21m1

2!, ~17!

wheremE
2 , mL

2 , and m1
2 are the soft SUSY breaking mas

terms associated with the three fields above. If the inequa
~17! is violated, the fields develop VEV’s ofO(Ae /he) and
the depth of the minimum is ofO(Ae

4/he
2). Accordingly, Eq.

~17! has to be imposed at a scaleQ;Ae /he;107 GeV. As-
suming universal soft terms at the GUT scale, Eq.~17! then
becomes@6#

~A020.5M1/2!
2,9m0

212.67M1/2
2 . ~18!

So-called unbounded from below~UFB! directions ~which
actually never occurs in the universal case! can also be con-
sidered. Assuming universality for the soft terms, the
sence of a global minimum in these directions typically i
plies @16,17#

FIG. 1. Upper bound onl as a function of tanb for mt
pole

5173.865.2 GeV @18#. The width of the curve is due to the un
certainty onmt

pole.
05500
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m0

M1/2
*1. ~19!

However, the tunnelling rate from the standard EW mi
mum to a UFB one is in general quite small@16#, so that this
constraint can be avoided if one is ready to assume that
standard EW vacuum is metastable.

III. PHENOMENOLOGICAL ASPECTS OF THE nMSSM

A. Singlino LSP and additional cascades

The nMSSM contains additional gauge singlet states
the Higgs sector~one neutralCP-even and oneCP-odd
state! and in the neutralino sector~a two component Weyl
fermion!. These states are mixed with the correspond
ones of the MSSM, and the physical states have to be
tained from the diagonalization of the mass matrices in e
sector. In the basis (B̃,W̃3,H̃1

0 ,H̃2
0 ,S̃) the ~symmetric! neu-

tralino mass matrix reads as

M 05S M1 0 2g1h1 /A2 g1h2 /A2 0

M2 g2h1 /A2 2g2h2 /A2 0

0 ls lh2

0 lh1

0

D .

~20!

Note that the diagonal singlino (S̃) mass term is zero. Fur
thermore, the singlino mixings~with Higgsinos! are propor-
tional to l, which, as remarked earlier, turns out to be qu
small, especially in the universality scenario. Consequen
the singlino state appears to be an almost pure singlet s
with a very small mass, so that it is always the lightest
persymmetric particle~LSP! of the model. Actually, in the
universal case, we find few MeV&mS̃&3 GeV, with a sin-
glet component*99%. This state has only small coupling
to the gauge bosons and to the other sparticles.~We have
explicitly checked that its contribution to the invisibl
Z-boson width is,4.2 MeV @18#.! Thus, the production
cross sections of the singlino are small and it seems to
nearly impossible to observe this particle in any experime
this rendering the nMSSM apparently similar to the ordina
MSSM. However, as the singlino is the LSP of the model
will appear at the end of all sparticle decay chains, givi
rise to additional cascades compared with the MSSM sign
Such additional cascades are common to many supers
metric extensions involving singlets@12,19#. It should be no-
ticed, however, that unlike in the NMSSM, where the s
glino LSP scenario requires strong constraints on
parameter space~i.e., M1/2@m0 ,A0) @12#, the singlino isal-
waysthe LSP in the nMSSM.

In addition, by assuming universality at the GUT sca
we find that the next-to-lightest supersymmetric parti
~NLSP! is always the second lightest neutralino, which tur
out to be a quasipure bino (B̃). Depending on the region o
the parameter space under scrutiny, the following chann
9-4
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can play a role in the NLSP→ LSP cascade:B̃→S̃nn̄

~sneutrino/Z exchange! giving an invisible cascade;B̃
→S̃l 1l 2 ~slepton/Z exchange! where the leptons could b
mainly t ’s, the stau being lighter than the other sleptonsB̃

→S̃qq̄ ~squark/Z exchange! the branching ratio being quit
small (&10%), as the squarks are usually heavy;B̃→S̃Z if
the B̃ is heavy enough;B̃→S̃S whereS is a light quasi-pure
singlet Higgs boson, decaying tobb̄ or tt̄ depending on its
mass;B̃→S̃g through loops. The properties of these ca
cades have been analyzed in detail in Ref.@12# for the case
of the NMSSM and most of the results can equally apply
the case of the nMSSM. As for experimental searches, h
multiplicity events have been under investigation already
the context of models with gauge mediated supersymm
e

c
i
i

o
r
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breaking@20# or with R-parity violation @21#. In principle,
small l ’s (&1024) could give rise to a delayed NLSP→
LSP transition, i.e., a displaced neutral vertex@12,19#. How-
ever, such values ofl are disfavored if one wants the tadpo
term of Eq.~6! to be large enough, so that displaced neut
vertices are not expected as typical signatures of
nMSSM.

B. Higgs couplings and mass bounds

The Higgs sector of the nMSSM consists of thr
CP-even neutral states, denoted bySi with massesm1,m2
,m3, plus two CP-odd neutral states, labeled asPi with
masses m18,m28 . The tree-level mass matrix for th
CP-even states in the basis (ReH1

0 ,ReH2
0 ,ReS) reads
M S
25S g2h1

22lsAl tanb ~2l22g2!h1h21lsAl l~2lsh11Alh2!

g2h2
22lsAl cotb l~2lsh21Alh1!

2l2Al

h1h2

ls
2l

j3

ls

D , ~21!
-
r-

-

whereg25(g1
21g2

2)/2. In the reminder of this section, w
study the upper bounds on the lightestCP-even states with
general soft SUSY breaking terms, in a nonuniversal s
nario. By taking into account the full one-loop and the dom
nant two-loop top-quark–top-squark corrections displayed
Sec. II, and assuminghi!MSUSY, one obtains the following
upper limit on the lightestCP-even Higgs boson mass:

m1
2<MZ

2S cos2 2b1
2l2

g1
21g2

2
sin2 2b D S 12

3ht
2

8p2
t D

1
3ht

2~mt!

4p2
mt

2~mt!sin2 bF1

2
X̃t1t1

1

16p2

3S 3

2
ht

2232pasD ~X̃t1t !tG , ~22!

where

X̃t[2
Ãt

2

MSUSY
2 S 12

Ãt
2

12MSUSY
2 D , ~23!

Ãt[At2ls cotb, ~24!

At being the top trilinear soft term.
The only difference between the MSSM bound@22# and

Eq. ~22! is the ‘‘tree-level’’ contribution;l2sin22b. This
term is important for moderate values of tanb. Hence, the
maximum of the lightest Higgs mass in the nMSSM is n
obtained for large tanb values, as in the MSSM, rather fo
e-
-
n

t

moderate ones~see Fig. 2!. In contrast, the radiative correc
tions are identical in the nMSSM and in the MSSM. In pa
ticular, the linear dependence inX̃t is the same in both mod
els. Hence, from Eq.~23!, the upper bound onm1

2 is

maximized forX̃t56 ~corresponding toÃt5A6MSUSY, the
‘‘maximal mixing’’ case! and minimized forX̃t50 ~corre-
sponding toÃt50, the ‘‘no mixing’’ case!.

FIG. 2. Upper bound onm1 @GeV# versus tanb for mt
pole

5173.865.2 GeV~straight, dashed, dotted line, respectively!, and
MSUSY<1 TeV.
9-5
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However, the upper limit onm1 is not necessarily physi
cally relevant, since the coupling of the lightestCP-even
Higgs boson to theZ-boson can be very small. Actually, th
phenomenon can also appear in the MSSM, if sin2(b2a) is
small. In this case though, theCP-odd Higgs bosonA is
necessarily light (mA;mh,MZ at tree-level! and the pro-
cesse1e2→Z→hA can be used to cover this region of th
MSSM parameter space. In the nMSSM, a small gauge
son coupling of the lightest HiggsS1 is usually related to a
large singlet component, in which case no~strongly coupled!
light CP-odd Higgs boson is available. Hence, Hig
searches in the nMSSM have to possibly rely on the sea
for the second lightest Higgs scalarS2.

Let us define the reduced couplingRi as the square of the
ZZSi coupling divided by the corresponding standard mo
Higgs-Z boson coupling

Ri5~Si1 cosb1Si2 sinb!2, ~25!

where Si1 ,Si2 are theH1 ,H2 components of theCP-even
Higgs bosonSi , respectively. Evidently, we have 0<Ri
<1 and unitarity implies

(
i 51

3

Ri51. ~26!

We are interested in upper bounds on the two light
CP-even Higgs bosonsS1,2. These are obtained in the lim
where the third Higgs boson,S3, is heavy and decoupled
i.e., R3;0 ~this scenario is similar the so-called decoupli
limit in the MSSM: the upper bound on the lightest Hig
boson h is saturated when the second Higgs bosonH is
heavy and decouples from the gauge bosons!. In this limit,
we haveR11R2.1.

In the regimeR1>1/2, experiments will evidently firs
discover the lightest Higgs boson~with m1<133.5 GeV for
mt

pole5173.8 GeV andMSUSY51 TeV). The ‘‘worst case
scenario’’ in this regime corresponds tom1.133.5 GeV
andR1.1/2: the presence of a Higgs boson with these pr
erties has to be excluded in order to test this part of
parameter space of the nMSSM.

In the regimeR1,1/2 ~i.e., 1/2,R2<1) the lightest
Higgs boson may escape detection because of its small
pling to gauge bosons, and it may be easier to look for
second lightest HiggsS2. In Fig. 3 we show the upper limi
on m2 as a function ofR2 as a thin straight line. ForR2
→1 ~i.e.,R1→0), the upper limit onm2 is actually given by
the previous upper limit onm1, even if the corresponding
Higgs boson is the second lightest one. ForR2→1/2, on the
other hand,m2 can be as large as 190 GeV. However, o
finds that the upper limit onm2 is saturated when the mas
m1 of the lightest Higgs boson tends to 0. Clearly, one ha
take into account the constraints from Higgs boson searc
which apply to reduced couplingsR,1/2, i.e., lower limits
on m1 as a function ofR1.12R2, in order to obtain realistic
upper limits onm2 versusR2. The dotted curves in Fig. 3
show the upper limit onm2 as a function ofR2 for different
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fixed values ofm1 ~as indicated on each curve!. They can be
used to obtain upper limits on the massm2, in the regime
R1,1/2, for arbitrary experimental lower limits on the ma
m1 versusR1. For each value of the couplingR1, which
would correspond to a vertical line in Fig. 3, one has to fi
the point where this vertical line crosses the dotted cu
associated to the corresponding experimental lower limit
m1. Joining these points by a curve leads to the upper li
on m2 as a function ofR2. We have indicated as a thic
straight line in Fig. 3 the present CERNe1e2 collider
LEP-II bounds@23#, which give, in the ‘‘worst case’’ sce-
nario, an upper limit onm2 of .160 GeV forR2.1/2.

Lower experimental limits on a Higgs boson withR
.1/2 restrict the allowed regime form2 ~for R2.1/2) in Fig.
3 from below. The present lower limits onm2 from LEP-II
are not visible in Fig. 3, since we have only shown the ran
m2.130 GeV. Possibly Higgs searches at Tevatron Run
will push the lower limits onm2 upwards into this range
This would be necessary if one aims at an exclusion of
regime of the nMSSM. Then, lower limits on the ma
m2—for any value ofR2 between 1/2 and 1—of at leas
133.5 GeV are required. The precise experimental lower l
its onm2 as a function ofR2, which would be needed to thi
end, will depend on the achieved lower limits onm1 as a
function of R1 in the regimeR1,1/2.

In principle, from Eq.~26!, one could haveR2.R1 with
R2 as small as 1/3. However, in the regime 1/3,R2,1/2, the
upper bound onm2 as a function ofR2 for different fixed
values of m1 can only be saturated ifR15R2. It is then
sufficient to look for the lightest Higgs bosonS1 ~i.e., for a

FIG. 3. Upper limits on the massm2 ~in GeV! againstR2, for
different values ofm1 ~as indicated on each line in GeV!, assuming
mt

pole5173.8 GeV andMSUSY<1 TeV. R1512R2 is shown on
the top axis. The thick straight line corresponds to LEP-II low
limits on m1 vs R1.
9-6
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Higgs boson with a coupling 1/3,R,1/2 and a massm
&133.5 GeV) to cover this region of the parameter space
the nMSSM.

Imposing universality of the soft terms at the GUT sca
CCB constraint@Eq. ~17!# and LEP-II experimental con
straints on Higgs masses@23# one finds the more restrictiv
bound m1,122 GeV under the same hypotheses (mt

pole

5173.865.2 GeV and MSUSY,1 TeV! and m2

,135 GeV in the case whereS1 is mainly singlet (R1

,R2).
One can notice that these results are the same as t

obtained in the NMSSM@24#. This comes from the fact tha
the nonsinglet part of theCP-even mass matrix~21! as well
as the singlet-nonsinglet mixing terms are the same in b
models, giving the same upper limit onm1, Eq. ~22! and Fig.
2. Even though they are not similar, theCP-even singlet
mass term@the 333 element in Eq.~21!# is ‘‘free’’ in both
models, i.e., it can take any value between 0 and;1 TeV.
This explains why the curves displayed in Fig. 3 are
same in both models, the upper bounds onm2 steaming from
degenerate singlet-nonsinglet mass terms, degeneration
by the mixings@off-diagonal 133 and 233 terms in Eq.
~22!#.

Thus, the phenomenological potential of the nMSSM
not less exciting in the Higgs boson sector than it is in
sparticle sector. On the one hand, the necessary~but not suf-
ficient! condition for testing the complete parameter space
the nMSSM is to rule out aCP-even Higgs boson with a
coupling 1/3,R,1 and a mass below 135 GeV. On th
other hand, the sufficient condition~i.e., the precise uppe
bound onm2 versusR2) depends on the achieved low
bound on the mass of a ‘‘weakly’’ coupled Higgs bos
~with 0,R,1/2) and can be obtained from Fig. 3. At th
Tevatron Run-II this would probably require an integrat
luminosity of up to 30 fb21 @25#. If this cannot be achieved
one has to wait for the advent of the LHC, in order to kno
whether the nMSSM is actually realized in nature.

An intriguing example of possible evidence of th
nMSSM at future hadron-hadron colliders is the followin
Recall that a crucial signature for an intermediate Higgs
son at both the Tevatron and the CERN Large Hadron C
lider ~LHC! is the one produced viaqq̄8→W6 Higgs boson
~with a smaller contribution fromqq̄→Z Higgs boson as
well!, with the gauge vector yielding high transvers
momentum and isolated leptons and the scalar Higgs bo
decaying intobb̄ pairs. Now, let us imagine that Higgs boso
searches in this mode have finally revealed the evidence
light scalar Higgs boson resonance, but no further Higgs
son states are detected up to well above the EW scale~In
this respect, the LHC is a better example to illustrate,
compared to the Tevatron, because of its much exten
scope in mass.! This scenario could be realized in th
MSSM, if the latter is in the above mentioned decoupli
regime, where one hasmH6'mH'mA@MZ and the strength
of the lightest Higgs boson couplings to the gauge vec
bosonsW6 andZ approaches unity,Rh[sin2(b2a).1. In-
deed, this phenomenology can also be realized in
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nMSSM when, e.g.,R151 andR250.2 Under these circum-
stances, the mass of theh scalar would only depend on tanb
and the minimum of the Higgs production cross section
obtained, in both SUSY models, in correspondence of
maximum Higgs mass. Figure 4 shows this dependence
both the MSSM and the nMSSM at the LHC, withAs
514 TeV.~The trend is very similar at the Tevatron, whe
As52 TeV.! Over a broad range in tanb, the production
rates of the latter are significantly below those of the form
with a minimum at tanb.2.7 ~for mt5173.8 GeV), own-
ing to the peculiar tanb dependence of the maximum valu
of m1, as seen in Fig. 2~recall instead that the maximum
mass of the lightest Higgs boson of the MSSM increa
monotonically with tanb @22#, hence the cross section he
decreases correspondingly, for tanb&40).

Thus, if tanb has already been measured in another c
text ~e.g., in SUSY sparticle processes!, to detect an isolated
scalar resonance in thebb̄ channel ~the dominant decay
model in either model forMHiggs&133.5 GeV), at a rate
well below the minimum one predicted by the MSSM, cou
imply that physics beyond the latter would be realized
nature. In fact, the reader should recall that the BR~Higgs
boson→bb̄) is basically the same in both models@26# and
the combined uncertainties on the rates of the latter and
the production modes~due to higher-order effects, parto
distribution functions, hard scale dependence, etc.! are of the
order of just a few percent@27#. In contrast, the difference
between the MSSM and nMSSM rates can be as large
factor of two, in the vicinity of tanb.2.7, and well above
the mentioned uncertainties for tanb up to 10 or so. Besides

2Further notice that no matter their actual mass value, pseu
scalar neutral Higgs states of either model cannot be produced
the above two processes, as their coupling toW6 andZ vectors is
prohibited at tree-level.

FIG. 4. Minimum of the production cross section of a neut
scalar Higgs with SM-like couplings toW6 andZ gauge bosons a
the LHC, as a function of tanb, in correspondence of the maximum
values of its mass, in both the MSSM and the nMSSM.
9-7
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kinematical analysis of thebb̄ system might provide furthe
evidence in this respect, if the mass resolution is larger t
the difference between the Higgs mass values, as pred
by the two models for a given tanb. Similar arguments can
be made for the case of thegg→Higgs boson→gg signature
too, however, the production and decay phenomenolog
here much more involved~because loop processes take pla
at either stage!, so that we leave it aside for future conside
ation @28#.

IV. SUMMARY AND CONCLUSIONS

We have studied the phenomenology of the nMSS
which promotes them-parameter into a singlet superfiel
hence solving the well-knownm-problem of the MSSM. In
addition, cubic self-couplings and possible dimension
couplings are avoided in the nMSSM thanks to a global d
crete R symmetry, in turn broken by supergravity-induce
tadpole corrections, which solves both the so-called ‘‘d
main wall’’ and ‘‘axion’’ problems. The new model is truly
minimal, in the sense that—despite incorporating n
fields—it can be parametrized by the same number of inp
as in the MSSM in the universal case. Its phenomenol
stands out quite different from that of both the ordina
MSSM and the so-called next-to-minimal supersymme
standard model~NMSSM!—where the cubic self-interactin
coupling is instead present. In particular, the following a
pects emerged as crucial from our analysis.

Assuming an accuracy up to the dominant top-stop c
tributions at two-loop level and depending on the~reduced!
couplings of the two lighterCP-even Higgs bosons to theZ
boson, we have found that the upper limit on the mass of
lightest Higgs boson state of the nMSSM can be 133.5 G
in correspondence of the central value of the top mass~i.e.,
mt5173.8 GeV!, that is, about 10 GeV higher than th
MSSM value and within the Tevatron Run-II reach. In ad
tion, the upper limit on the mass of the lightest ‘‘observabl
Higgs boson~i.e., the next-to-lightest one, when the lighte
one couples invisibly to theZ boson! could be as high as 16
GeV but still within the LHC scope.

To remain with the Higgs sector, we also have describ
a benchmark example that could allow one to phenome
logically distinguish the nMSSM from the MSSM in th
search for the lightest Higgs state at future hadron collid
such as the Fermilab Tevatron Run-II and the LHC. If on
one neutral Higgs state is accessible through associated
duction with an EW gauge vectorW6 or Z, via its bb̄ de-
cays, the knowledge of tanb and of the production rate o
such Higgs process could be enough to assign such a H
state to one or the other of the two models, even prior to
investigation of the mass resonance that can eventually
reconstructed from thebb̄ system. Production and deca
studies of all other Higgs states of the nMSSM are now
progress@28#.

Despite the remarkable dissimilarities seen so far betw
the nMSSM and the MSSM, one might quite rightly questi
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that the phenomenology of the nMSSM is very similar
that of the NMSSM, as far as the Higgs sector is concern
However, a dramatic difference is revealed between th
two models, if one investigatesCP-violation effects. In fact,
no matter the actual value ofl, a peculiar feature of the
nMSSM is the following: Contrary to the NMSSM cas
spontaneousCP violation cannot occur in the Higgs secto
of the nMSSM, neither at tree-level nor at one-loop.

Finally, further differences between the nMSSM and a
other model can be appreciated in the sparticle sector. In
here, two concurrent aspects render the phenomenolog
the former both more ‘‘spectacular’’ and ‘‘natural,’’ in com
parison to the MSSM and the NMSSM, respectively. Fir
the lightest neutralino appears to be an almost pure sin
state. Secondly, such a state~the ‘‘singlino’’ ! is always the
LSP of the theory, with a very small mass~varying from a
few MeV to a few GeV!. The consequence is twofold. O
the one hand, in comparison to the NMSSM, the singl
LSP scenario requires no strong constraints to be impose
the parameter space. On the other hand, in comparison to
MSSM, any sparticle decay chain involves a further step,
NLSP → LSP transition, giving rise to additional cascade

The stimulating issue that such an LSP could be a g
dark matter candidate or, alternatively, could be exclud
from cosmological arguments, also deserves attention. H
ever, a quantitative analysis in this respect was far bey
the intention of this paper.

Concluding, the nMSSM is, at the same time, thebest
theoretically motivatedand themost economicalSUSY ex-
tension of the SM. Here, we have pointed out differences
similarities between the new model, the NMSSM and t
MSSM, in both the Higgs and neutralino sectors. Future c
lider experiments, at Tevatron Run-II and LHC, will be ab
to prove whether or not the nMSSM is the realization
Supersymmetry that nature has chosen.

Note added. While finalizing this paper, whose main re
sults were made public already in Ref.@29#, we became
aware of Ref. @30#, by Panagiotakopoulos and Pilaftsi
which deals with a similar subject. In this respect, althou
we agree with the more general statements given in this o
paper, we would like to remark that there only the to
quark–top-squark one-loop corrections were used, whe
here we have calculated also the corresponding two-l
contributions. This explains the significant discrepancy
tween their and our upper limit on the lightest Higgs bos
massm1,150 GeV versusm1,133.5 GeV.
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@1# L.E. Ibañez and G.G. Ross, Phys. Lett.110B, 215 ~1982!; K.
Inoue, A. Kakuto, H. Komatsu, and S. Takeshita, Prog. The
Phys.68, 927 ~1982!; 71, 96 ~1984!; L. Alvarez-Gaume´, M.
Claudson, and M. Wise, Nucl. Phys.B207, 96 ~1982!; J. Ellis,
D.V. Nanopoulos, and K. Tamvakis, Phys. Lett.121B, 123
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