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Electroweak baryogenesis and dark matter in a minimal extension of the MSSM
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We examine the possibility of electroweak baryogenesis and dark matter in the nMSSM, a minimal exten-
sion of the MSSM with a singlet field. This extension avoids the usual domain wall problem of the NMSSM,
and also appears as the low energy theory in models of dynamical electroweak symmetry breaking with a
so-called fat-Higgs boson. We demonstrate that a strong, first order electroweak phase transition, necessary for
electroweak baryogenesis, may arise in regions of parameter space where the lightest neutralino provides an
acceptable dark matter candidate. We investigate the parameter space in which these two properties are fulfilled
and discuss the resulting phenomenology. In particular, we show that there are always two lightCP-even and
one light CP-odd Higgs bosons with masses smaller than about 250 GeV. Moreover, in order to obtain a
realistic relic density, the lightest neutralino mass tends to be smaller thanMZ/2, in which case the lightest
Higgs boson decays predominantly into neutralinos.
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I. INTRODUCTION

The standard model~SM! provides an excellent descrip
tion of all elementary particle interactions up to energies
order 100 GeV. However, there are several reasons to ex
that an extension of the standard model description is nee
at energies slightly above this scale. The most importan
these is the precise mechanism for the generation of elem
tary particle masses. In the standard model, the Hi
mechanism provides a self-consistent parametrization of
mechanism, but relies on mass parameters that are sen
to ultraviolet scales at the quantum level. Two ways to av
this problem are to invoke supersymmetry, or to break
electroweak symmetry dynamically. In both cases, the n
physics provides an effective energy cutoff for the SM d
scription that is of order of the weak scale. While the co
struction of supersymmetric extensions consistent with
energy observables is a relatively simple task@1,2#, this is
much more difficult to do in models that break the ele
troweak symmetry dynamically due to the non-perturbat
nature of the interactions in the symmetry breaking sec
@3#.

The standard model description also fails to answer
of the most important questions at the interface of part
physics and cosmology: the nature of the dark matter and
origin of the baryon asymmetry. A consistent dark mat
density may easily arise in the presence of stable, neu
weakly interacting particles with masses of order of the we
scale. In this sense, the observation of a nonvanishing
matter density provides an additional motivation for the e
istence of new physics at the weak scale. The lightest su
symmetric particle~LSP! in models of low-energy supersym
metry with R-parity conservation provides a natural sou
for the observed dark-matter density@1,2#.

There are several ways of explaining the origin of t
matter-antimatter asymmetry. Some of them rely on phys
at scales much larger than the weak scale. Leptogenesis
instance, provides a mechanism for the generation of a
ton asymmetry via the decay of heavy Majorana neutri
1550-7998/2004/70~3!/035005~20!/$22.50 70 0350
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which explains the smallness of the neutrino masses in
see-saw framework. This lepton asymmetry is subseque
transformed into a baryon asymmetry via anomalous w
interaction processes: baryogenesis proceeds from lepto
esis@4,5#. Due to the high-energy nature of the fundamen
interactions leading to leptogenesis, it is difficult to test t
realization of this scenario by weak-scale experiments.

Electroweak baryogenesis@6# provides an alternative to
models of baryogenesis at high-energies, relying only
physics at the weak scale. The realization of this scen
demands that the anomalous baryon-number violating p
cesses are out of equilibrium in the broken phase at the c
cal temperature of the electroweak symmetry breaking ph
transition. This is possible only if the phase transition
strongly first order, or equivalently,

w~Tc!

Tc
*1, ~1!

wherew(Tc) is the Higgs vacuum expectation value in th
broken phase at the critical temperatureTc . Such a strongly
first order transition cannot be achieved within the S
framework.

Supersymmetric theories introduce new physics at
weak scale which may lead to a sufficiently strong first ord
phase transition. This can be achieved even within the m
mal supersymmetric extension of the SM~MSSM!. How-
ever, in the minimal case, this demands Higgs boson ma
only slightly above the present experimental bounds an
light stop with a mass below that of the top-quark@7#. There-
fore, this scenario is highly constrained and may be so
tested by the Tevatron collider experiments@8#.

As we will explain in the next section, there are goo
reasons to go beyond the minimal supersymmetric fram
work. In this work we shall study a minimal extension of th
MSSM which includes a singlet field having restricted inte
actions. In Sec. II, after motivating this extension, we w
describe its most relevant properties. In Sec. III we will d
fine the model precisely, set out our notation, and study
©2004 The American Physical Society05-1
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particle spectrum at zero-temperature as well as the coll
constraints. Section IV consists of an investigation of
strength of the electroweak phase transition within
nMSSM. In Sec. V we will study some of the cosmologic
implications of the model. In particular, we will investiga
the constraints on the model that arise if it is to provide
realistic dark matter density. Section VI consists of a disc
sion of the resulting phenomenology based on the result
the previous sections. We reserve Sec. VII for our conc
sions.

II. MINIMAL EXTENSION OF THE MSSM
WITH A SINGLET SUPERFIELD

The minimal supersymmetric extension of the SM sta
lizes the gauge hierarchy, leads naturally to a consistent
fication of the gauge couplings near the Planck scale,
provides a viable dark matter candidate if the neutralino
superpartner of the neutral Higgs and gauge boson parti
is the LSP@1,2#. Despite these successes, the model has s
unattractive features as well, among which is them-problem.
Namely, them term, mĤ1•Ĥ2, must be included in the su
perpotential, withumu of order of the weak scale, if the elec
troweak symmetry is to be broken. While them parameter is
stable under quantum corrections as a result of supersym
try, it is difficult ~although possible@9#! to explain why this
dimensional quantity should be so much smaller thanM P or
MGUT .

A simple solution is to replacem by the VEV of a gauge
singlet chiral superfield,Ŝ. Other dimensional couplings in
volving the singlet are then forbidden by demanding that
superpotential obey an additional symmetry. In the m
common formulation, the next-to-minimal supersymmet
SM ~NMSSM! @10#, one imposes aZ3 symmetry under
which the fields transform asF̂ i→exp(2piqi/3)F̂ i , where
the chargesqi are given in Table I. The most general reno
malizable superpotential is then

Wren5lŜĤ1•Ĥ21kŜ31yuQ̂•Ĥ2Ûc

1ydQ̂•Ĥ1D̂c1yeL̂•Ĥ1Êc, ~2!

whereŜ is the singlet superfield and the other fields are
same as in the MSSM. Except for the cubic singlet se
coupling, this is just the MSSM superpotential with a fie
dependentm-term proportional to the singlet field. Withou

TABLE I. Charges of fields under the Abelian symmetries d
cussed in the text.

Ĥ1 Ĥ2 Ŝ Q̂ L̂ Ûc D̂c Êc W

U(1)Y 21/2 1/2 0 1/6 21/2 22/3 1/3 1 0

Z3,U(1)PQ 1 1 22 21 21 0 0 0 0

U(1)R 0 0 2 1 1 1 1 1 2

Z5
R ,Z7

R,U(1)R8 1 1 4 2 2 3 3 3 6
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this additional cubic term, the superpotential is invariant u
der an anomalous U(1)PQ , whose charges are listed in Tab
I, that gives rise to an unacceptable axion@11#. The cubic
term explicitly breaks U(1)PQ down to its maximalZ3 sub-
group, thereby removing the axion while still forbidding a
dimensionful couplings. Unfortunately, this generates n
difficulties. When the singlet acquires a VEV, necessa
near the electroweak scale, theZ3 symmetry is broken as
well producing cosmologically unacceptable domain wa
@12#. The domain wall problem can be avoided ifZ3 violat-
ing non-renormalizable operators are included. Howev
such operators generate a large singlet tadpole that des
lizes the hierarchy@13#.

As shown in@14–16#, both problems can be avoided i
the context of an N51 supergravity scenario. In the absen
of the cubic singlet term, the superpotential of Eq.~2! obeys
the U(1)PQ , and U(1)R symmetries listed in Table I, and s
is also invariant under the group U(1)R8 with chargesR8
53R1PQ. This symmetry alone is enough to give the s
perpotential of Eq.~2! with no cubic term, as are the max
mal Z5

R andZ7
R subgroups of U(1)R8 . If we now demand that

both the superpotential and the Ka¨hler potential obey one o
these discrete R-symmetries instead of theZ3 symmetry of
the NMSSM, the superpotential will be of the desired for
up to a possible singlet tadpole term. Using power count
arguments it may be shown that a singlet tadpole does a
but only at the six (Z5

R) or seven (Z5
R) loop level. The loop

suppression in both cases is large enough that the indu
tadpole does not destabilize the hierarchy@14,15#. Therefore,
this mechanism very elegantly solves three problems: it p
vents the appearance of dimensional couplings~other than
the tadpole! in the renormalizable part of the superpotenti
the induced singlet tadpole explicitly breaks U(1)PQ and its
discrete subgroups, thereby avoiding unacceptable ax
and domain walls; and the loop suppression of the tadp
leads naturally to a singlet VEV of the order ofMSUSY.
Following @16#, we shall refer to this model as the near
minimal supersymmetric standard model~nMSSM!.

Another interesting feature of the model is that someth
like R-parity arises from the imposed R-symmetries. The
symmetries forbid the appearance of alld54 B- and
L-violating operators as well as the dominant higher dim
sionalB-violating operators that contribute to proton deca
While proton stability is ensured, there are no
renormalizable operators that make the LSP unstable. As
be shown in Sec. III A, the LSP of the model under study
nearly always the lightest neutralino. In theZ7

R symmetric
case, this symmetry forbids alld<6 operators that could
lead to the decay of such an LSP, and naı¨ve dimensional
analysis shows that it has a lifetime in excess of the age
the Universe. The issue is a bit more delicate in theZ5

R case

since theL-violating d55 operatorŜŜĤ2L̂ is allowed by the
symmetry. We find that the lifetime of the neutralino LS
induced by this operator is greater than the age of the U
verse provided the cutoff scale~by which non-
renormalizable operators are suppressed! exceedsL*3
31014 GeV. The details of our estimate are presented
Appendix B. Therefore, the same symmetries that ensu

-
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natural solution to them-problem stabilize the LSP, and pro
vide the means for a sufficiently large proton lifetime.

The nMSSM is quite attractive for a number of pheno
enological reasons as well. In the MSSM, large stop mas
high tanb, and some fine-tuning are needed to evade
LEP-II Higgs boson mass bounds@17#. These bounds are
much easier to avoid in the nMSSM and the NMSSM sin
there is an additional tree-level contribution to theCP-even
Higgs boson masses. The same LEP-II bounds on the ligh
neutral Higgs boson also put severe constraints on the
rameter space consistent with electroweak baryogen
~EWBG! within the MSSM@18#. On the other hand, EWBG
does appear to be possible within the NMSSM@19–22# and
other singlet extensions@23# due to additional terms in the
tree-level potential. We find that the same holds true for
nMSSM.

Finally, we note that the superpotential and soft-break
terms of the nMSSM also arise as the low-energy effec
theory of minimal supersymmetric models with dynamic
electroweak symmetry breaking, the so-called ‘‘Fat-Higg
models@24#. In these models, the value of the Higgs-sing
couplingl is not restricted by the requirement of perturb
tive consistency up to the grand-unification scale. Inste
the precise value ofl depends on the scale of dynamic
symmetry breaking,l being larger for smaller values of thi
scale. In our work, we shall focus on the case where per
bative consistency holds up to high-energy scales, but
will also comment on how our results are modified if w
ignore the perturbativity constraint onl.

III. THE NMSSM AT ZERO TEMPERATURE

Much of the analysis and notation in this section follow
that of @15#. For simplicity, we will include only the Higgs
singlet, and third generation quark-squark fields in the su
potential. The superpotential, including the loop-genera
tadpole term, is then

WnMSSM5lŜĤ1•Ĥ21
m12

2

l
Ŝ1ytQ̂•Ĥ2Ûc1••• ~3!

whereĤ1
t 5(Ĥ1

0 ,Ĥ1
2), Ĥ2

t 5(Ĥ2
1 ,Ĥ2

0) denote the two Higgs

superfields,Ŝ is the singlet superfield, andA•B5eabAaBb
with e1251.

The tree-level potential is thenV05VF1VD1Vso f t :

VF5UlH1•H21
m12

2

l
U2

1ulSH1
01yt t̃ L t̃ R* u2

1ulSH1
21ytb̃L t̃ R* u21ulSu2H2

†H2

1uyt t̃ R* u2H2
†H21uytQ̃•H2u2,

VD5
ḡ2

8
~H2

†H22H1
†H1!21

g2

2
uH1

†H2u2, ~4!
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Vso f t5m1
2H1

†H11m2
2H2

†H21ms
2uSu21~ tsS1H.c.!

1~alSH1•H21H.c.!1mQ
2 Q̃†Q̃1mU

2 ut R̃u2

1~atQ̃•H2 t̃ R* 1H.c.!.

In writing VD we have definedḡ5Ag21g8 25g/cosuW.
The couplingsal ,ts ,l,m12

2 ,yt ,at can all be complex, but
not all their phases are physical. By suitable redefinitions
Ŝ,Ĥ1, andĤ2, the parametersl andm12

2 can both be made
real @25#. To simplify the analysis and to avoid spontaneo
CP violation, we shall assume that the soft-breaking para
etersal ,ts ,at and the Yukawayt are also real.1 Moreover,
we may takeal and ts to be positive provided we allowl
and m12

2 to have either sign. Real parameters are not su
cient to exclude spontaneousCP violation, however, so we
must check this explicitly. We must also verify that the p
tential does not generate a VEV for either of the charg
Higgs fields.

If none of the squark fields get VEV’s, the tree-lev
Higgs potential becomes

V05m1
2H1

†H11m2
2H2

†H21ms
2uSu21l2uH1•H2u2

1l2uSu2~H1
†H11H2

†H2!1
ḡ2

8
~H2

†H22H1
†H1!2

1
g2

2
uH1

†H2u21ts~S1H.c.!1al~SH1•H21H.c.!

1m12
2 ~H1•H21H.c.!. ~5!

We may choose an SU(2)3U(1) gauge such that̂H1
2&

50 and^H1
0&PR> at the minimum of the potential. Taking

the derivative ofV0 with respect toH2
1 and evaluating the

result at the minimum, we find

]V0

]H2
1

uHi5v i
5v1* Fm2

21l2uvsu21
ḡ2

4
~ uv2u22v1

2!

1
g2

2
v1

21
ḡ2

8
uv1u2G , ~6!

where we have defined̂H2
0&5v2 , ^H2

1&5v1 , and ^S&
5vs . It follows that ^H2

1& vanishes at the minimum pro

vided m2
21l2uvsu21(ḡ2/4)(uv2u22v1

2)1(g2/2)v1
2.0.

If the charged Higgs VEV’s vanish at the minimum, th
only part of the potential that depends on the phases of
Higgs fields are the last three terms in Eq.~5!:

Vphase5ts~S1H.c.!1al~SH1
0H2

01H.c.!

1m12
2 ~H1

0H2
01H.c.!. ~7!

1This assumption is not completelyad hoc. Within a minimal
supergravity scenario, the soft breaking parameters are proport
to the corresponding terms in the superpotential.
5-3
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Recalling thatal and ts are both real and positive, the po
tential will have an absolute minimum witĥS&5vsPR<

and^H2
0&5v2PR> providedm12

2 ,0. While this condition is
sufficient to avoid spontaneousCP violation, the result of
@26# indicates that it is not necessary. We will focus on t
m12

2 ,0 case because it simplifies the analysis, and as
shall see below, is preferred by the constraints on the sc
Higgs boson masses. However, we have also examined
m12

2 .0 case, and find that once we impose the experime
constraints described in the following section, the param
space withm12

2 .0 is very restricted, and tends to be inco
sistent with electroweak baryogenesis.

With m12
2 ,0, the field VEV’s are all real and have fixe

sign:

^S&5vs,0 ^H1
0&5v1.0, ^H2

0&5v2.0. ~8!

We define the angleb as in the MSSM:

v15v cosb, v25v sinb, ~9!

with v.174 GeV. We also definem52lvs , since this is
the quantity that corresponds to them parameter in the
MSSM. Note thatm can have either sign, depending on t
sign of l.

The minimization conditions forH1
0, H2

0, and S can be
used to relate the scalar soft masses to the other param
in terms of the VEV’s. These give

m1
252~m12

2 1alvs!
v2

v1
2

ḡ2

4
~v1

22v2
2!2l2~v2

21vs
2!

2
1

2v1

]DV

]H1
0 U

H
1
05v1

,

m2
252~m12

2 1alvs!
v1

v2
1

ḡ2

4
~v1

22v2
2!2l2~v1

21vs
2!

2
1

2v2

]DV

]H2
0 U

H
2
05v2

,

ms
252al

v1v2

vs
2

ts

vs
2l2v22

1

2vs

]DV

]S U
S5vs

,

~10!

whereDV consists of contributions to the effective potent
beyond tree level. To one-loop order

DV5
1

~4p!2 F(
b

gbh~mb
2!2(

f
gfh~mf

2!G , ~11!

where the first sum runs over all bosons, the second ove
Weyl fermions,gi is the number of~on-shell! degrees of
freedom,mi is the field-dependent mass eigenvalue, and
function h(m2) is given by~in the DR scheme!
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h~m2!5
m4

4 F lnS m2

Q2D 2
3

2G . ~12!

The one-loop corrections are therefore given by

Dmi
252

2

64p2 S (b
gbmb

2
]mb

2

]Hi
2 F lnS mb

2

Q2D 21G
2(

f
gfmf

2
]mf

2

]Hi
2 F lnS mf

2

Q2D 21G D U
Hi5v i

. ~13!

A. Charginos and neutralinos

The chargino and neutralino sectors provide import
phenomenological constraints on the model. The ferm
component of the singlet superfield, the singlino, leads t
fifth neutralino state. Assuming the sfermions to be hea
with masses of order a few hundred GeV, and values ol
that remain perturbative up to a grand unification scale
order 1016 GeV, the LSP of the model is always the lighte
neutralino with a mass below about 60 GeV.

The chargino mass matrix, in the bas
(W̃1,H̃2

1 ,W̃2,H̃1
2), is

Mx65S 0 Xt

X 0 D , ~14!

where

X5S M2 A2sbMW

A2cbMW 2lvs
D . ~15!

For the neutralinos, the mass matrix in bas
c i

05(B̃0,W̃0,H̃1
0 ,H̃2

0 ,S̃) reads

MÑ5S M1 • • • •

0 M2 • • •

2cbswMZ cbcwMZ 0 • •

sbswMZ 2sbcwMZ lvs 0 •

0 0 lv2 lv1 0

D .

~16!

In our analysis we takeM15(a1 /a2)M2. 1
2 M2, which

corresponds to what would be expected from universality
the GUT scale. With an eye towards electroweak baryog
esis, we allow the gaugino masses to have a common ph
M25Meif with M real. This phase also has a significa
effect on the mass of the lightest neutralino. Since flipp
the sign ofl is equivalent to shifting the gaugino phase
f→f1p, we will consider only thel.0 case.

To see how the light neutralino state arises, supposeM1
and M2 are very large and real so that the gaugino sta
decouple, leaving only the lower 333 Higgsino block. For
v1!v2 ,vs , the smallest eigenvalue of this matrix is then
5-4
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FIG. 1. Allowed regions in the tanb-l plane.
The region consistent with perturbative unifica
tion lies below the thick solid line, while the re
gions consistent with the LEP II constraints~and
mÑ1

.25 GeV) lie above the thinner lines
Among these, the solid line corresponds to
gaugino phase off5p, while the dotted and
dashed lines correspond tof50, p/2 respec-
tively.
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mÑ1
.2lv1v2vs /~v1

21v2
21vs

2!, ~17!

and the corresponding state is predominantly singlino. M
generally, the mass eigenstates are

Ñi5Ni j c j
0 , ~18!

whereNi j is a unitary matrix such thatN* M ÑN† is diagonal
with non-negative entries@1#. We label the states in order o
increasing mass so thatÑ1 is the lightest neutralino.

Measurements made at LEP II impose stringent c
straints on the chargino-neutralino spectrum. Since the c
pling of the charginos to gauge bosons is the same as in
MSSM, the mass of the lightest chargino must satisfymx

1
6

.104 GeV@27#. The corresponding requirement for the ne
tralinos is either (mÑ1

1mÑ2
).209 GeV, or s(e1e2

→Ñ1Ñ2)&1022 fb. Finally, for mÑ1
,MZ/2, we must have

BR(Z→Ñ1Ñ1),0.831023 @28#.
It is possible to satisfy all of these constraints in the lim

of large tanb, in which caseÑ1 is a very light LSP;mÑ1

&15 GeV forl,1.0, tanb.10, andM2→`. This state is
mostly singlino, and couples only weakly to the gau
bosons. However, this limit also leads to an unaccepta
large neutralino relic density. As we will show in Sec. V, f
heavy sfermions, the dominant annihilation channel forÑ1 is
s-channel Z-exchange.2 For such a light, mostly singlinoÑ1,
the ZÑ1Ñ1 coupling is too weak for this state to annihila
efficiently.

We are thus led to consider values of tanb of order unity.
The Ñ1 state now has a sizeable Higgsino component
correspondingly large couplings to the gauge bosons,

2There are also contributions to the annihilation cross section f
s-channel Higgs exchange, but these processes alone are not
enough to produce an acceptable neutralino relic density unles
neutralino mass is close to a half of one of the Higgs boson mas
03500
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there is a danger of producing too large a contribution to
Z-width. The branching ratio of theZ to two Ñ1’s is given by

BR~Z→Ñ1Ñ1!

5
g2

4p

~ uN13u22uN14u2!2

24 cosW
2

MZ

GZ
F12S 2mÑ1

MZ
D 2G3/2

. ~19!

Combining the branching ratio constraint with that for t
relic density, we findmÑ1

*35 GeV is needed if both condi
tions are to be met.~See Sec. V.! As this value depends
somewhat on parameters in the Higgs sector, we impose
weaker constraintmÑ1

.25 GeV in our analysis.

The magnitude ofl must be fairly large,l*0.3, to raise
the mass of the lightest neutralino above 25 GeV. (ulu*0.5
for mÑ1

.35 GeV.! On the other hand, ifl is too large it
encounters a Landau pole before the GUT scale. This is
cisely what happens in the recently proposed fat Hig
model @24#, in which the Landau pole corresponds to t
Higgs compositeness scale. We would like to maintain
property of perturbative unification in the model~in the usual
sense!, so we will focus most of our attention on values ofl
that remain perturbative up toMGUT;1016 GeV. However,
with the fat Higgs model in mind, we will also conside
larger values ofl.

It is straightforward to derive the limit onl at one-loop
order. The relevant~one-loop! beta functions are@15#

dgs

dt
52

1

~4p!2

3

2
gs

3 ,

dyt

dt
5

yt

~4p!2 S 3yt
21

1

2
l22

8

3
gs

2D ,

dl

dt
5

l

~4p!2 S 2l21
3

2
yt

2D , ~20!

wheret5 ln(Q2/MZ
2). Running these up toQ25(1016 GeV)2

and demandingl2,4p, we find the allowed region in the

m
ong
the
es.
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FIG. 2. Allowed regions in theumu2uM2u
plane for a gaugino phase off50, p/2, p, and
(tanb,l) below the perturbativity bound. The al
lowed region lies in the central area. Recall th
m52lvs in the model.
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tanb-l plane shown in Fig. 1. The lower limit on tanb
comes about because small values of this quantity imp
largeyt(mt), and this accelerates the running ofl. The fig-
ure also shows the region in which theÑ1 state has a mas
greater than 25 GeV and satisfies the LEP II constra
listed above.

Figure 2 shows the corresponding allowed region in
umu2uM2u plane. The lower bounds onuM2u andumu are due
to the chargino mass constraint. Interestingly, there is als
upper bound onumu, which comes from the lower bound o
the lightest neutralino mass. From Eqs.~16!, ~17! we see that
for uvsu@v, the predominantly singlino state becomes ve
light. Sincem52lvs and l is bounded above by the pe
turbativity constraint, this translates into an upper bound
umu. Both the phase and the magnitude of the gaugino m
M2 have a significant impact on the mass of the light s
glino state. The largest masses are obtained forf5p with
uM2u;lv, as this maximizes the constructive interferen
between the gaugino and Higgsino components. Whenf
50 the interference is destructive, anduM2u→` maximizes
the mass.

Figure 3 shows the range of masses of the lightest n
tralino that are consistent with the constraints listed abo
~The relevant input parameter sets are those listed in T
II.! For tanb andl below the perturbative bound we see th
03500
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e
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the Ñ1 state has a mass below about 60 GeV, making it
LSP in the absence of a light gravitino. FormÑ below 50
GeV, this state is predominantly singlino, with a sizeab
Higgsino component. This is because, with the assumptio
gaugino mass universality, the constraint on the charg
mass puts a lower bound onuM1u that excludes a lighter
predominantlyB-ino state. However, a mostlyB-ino LSP is
possible if the light singlino state has a mass above abou
GeV, although the parameter space in which this can oc
consistent with perturbative unification, is severely r
stricted. In this event, the LSP and NLSP must be very cl
in mass. Ifl is allowed to exceed the perturbativity boun
the situation is much less constrained; the parameter spa
which the LSP is mostlyB-ino becomes much larger, and
B-ino LSP need no longer be nearly degenerate with
NLSP.

B. Higgs spectrum

The LEP II lower bound on the mass of the lightest ne
tral CP-even Higgs boson of about 114 GeV is difficult
evade in the MSSM. This follows from the fact that, at tr
level, the mass of this state is bounded byMZ ,

mh
2<MZ

2cos22b, ~21!
e
t
-

is-
FIG. 3. Mass of the lightest neutralino. Th
region to the right of the solid line is consisten
with the LEP II constraints listed above. The re
gion surrounded by the dotted line is also cons
tent with perturbative unification.
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TABLE II. Ranges of input parameters.

tanb l vs al ts
1/3 Ma uM2u f

~GeV! ~GeV! ~GeV! ~GeV! ~GeV!

Range 1–5 0.3–2.0 2750–0 0–1000 0–1000 200–1000 0–1000 0–p
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which implies that large one-loop corrections are needed
increase the mass. The dominant loop contribution com
from the stops. With tanb@1, stop masses of order 1 TeV
and considerable fine-tuning of the stop mixing paramet
the mass of the lightest Higgs boson can be brought u
mh.130 GeV@17#.

The corresponding tree-level bound in the nMSSM is@16#

mh
2<MZ

2S cos22b1
2l2

ḡ2
sin22b D , ~22!

which exceeds 100 GeV forulu;0.7 and tanb;2. The
same bound applies in the NMSSM@29#. This makes it pos-
sible to avoid the LEP II constraint without fine-tuning in th
stop sector.

In order to discuss some of the constraints on the par
eter space from the Higgs sector, we list here the tree-le
Higgs boson masses. We have also included the one-
mass corrections from the top and the stops given in@15# in
our numerical analysis.

Since the tree-level Higgs VEV’s are real, and neglect
the smallCP-violating effects associated with the one-loo
chargino and neutralino contributions@30#, the Higgs fields
can be expanded as

H15S v11
1

A2
~f11 ia1!

f1
2

D ,

H25S f2
1

v21
1

A2
~f21 ia2!D ,

S5vs1
1

A2
~fs1 ias!. ~23!

After electroweak symmetry breaking, the real and ima
nary parts of the singlet mix with those ofH1

0 and H2
0 to

produce two neutral scalar states in addition to those of
MSSM. In all, the physical Higgs states consist of o
charged scalar, two neutralCP-odd scalars, and three neutr
CP-even scalars.

For the CP-odd scalars, the combinationG052a1cb
1a2sb is absorbed by theZ0 while the orthogonal linear
combinationA05a1sb1a2cb mixes with as to give two
physical scalars. The mass matrix in basis (A0,as) is
03500
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M P
2 5S Ma

2 2alv

2alv 2
1

vs
~ ts1sbcbalv2!D , ~24!

where

Ma
252

1

sbcb
~m12

2 1alvs!. ~25!

Note that Eq. ~10! implies ms
21l2v252(1/vs)(ts

1sbcbalv2). Therefore the singlet soft mass,ms
2 , sets the

mass scale of a predominantly singlet state.
Among the charged Higgs bosons, the combinationG1

5f2
1sb2f1

2* cb is taken up by theW1 leaving behind a
single complex charged scalar mass eigenstate,H1, of mass

M 6
2 5Ma

21MW
2 2l2v2. ~26!

It may be shown using the minimization conditions, Eq.~10!,
that M 6

2 .0 is equivalent to the condition needed to avoid
charged Higgs VEV given below Eq.~6!.

Finally, the mass matrix elements for theCP-even Higgs
boson states are

M11
2 5sb

2Ma
21cb

2MZ
2,

M12
2 52sbcb~Ma

21MZ
222l2v2!,

M13
2 5v~sbal12cbl2vs!,

M22
2 5cb

2Ma
21sb

2MZ
2,

M23
2 5v~cbal12sbl2vs!,

M33
2 52

1

vs
~ ts1sbcbalv2!5ms

21l2v2, ~27!

with the remaining elements related to these by symme
As for theCP-odd case, the mass of a mostly singlet state
determined by the singlet soft mass.

Large values ofMa
2 help to increase the mass of the Hig

states. This is most easily obtained withm12
2 ,0 @see Eq.

~25!#, which is a sufficient condition to guarantee the a
sence of spontaneousCP violation at tree level. We also not
that the MSSM limit of the NMSSM is not possible in th
model. In this limit one takesuvsu@v while holding lvs
fixed, thereby decoupling the singlet states from the res
the Higgs spectrum. As discussed in Sec. III A, such la
values ofvs lead to an unacceptably light neutralino sta
On the other hand, the decoupling limit of the nMSSM d
cussed in@15#, utsu→`, is still viable. Indeed, the uppe
5-7
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bound on the lightest neutral Higgs boson mass, Eq.~22! is
saturated in this limit ifMa

2→` as well.
The precise LEP II bounds on the Higgs boson mas

depend on the couplings of the Higgs bosons to the ga
bosons. These couplings tend to be weakened some
from mixing with the singlet. LetO S, O P be the orthogona
mixing matrices relating the gauge and mass eigenstate

S S1

S2

S3

D 5O SS f1

f2

fs

D ; S P1

P2
D 5O PS A0

as
D . ~28!

We label the mass eigenstates in order of increasing mas
that S1 is the lightestCP-even state andP1 the lightestCP-
odd state. In terms of these mixing matrices, theSVV-type
couplings are

SZZ:
ḡ

2
MZ~cbO k1

S 1sbO k2
S !~Zm!2Sk ,

SWW:
g

2
MW~cbO k1

S 1sbO k2
S !~Wm!2Sk .

~29!

Also relevant are theSPZ-type couplings

SPZ:
ḡ
2 @O ,1

P ~sbO k1
S 2cbO k2

S !#ZmSk ]
↔

mP, . ~30!

The couplings of the Higgs states to fermions and neutrali
are listed in Appendix C.

The LEP bound on the charged Higgs boson is given
Ref. @31#. AssumingBR(H1→t1n).1 this bound reads
approximately,

MH6.90 GeV. ~31!

The bounds on theCP-odd Higgs bosons depend strongly o
their coupling to the Z-gauge boson and theCP-even scalars
given in Eq.~30!. If the lightestCP-odd Higgs boson,P1,
has a large singlet component this coupling can become
small, and the bound on this particle is much weaker than
LEP bound of about 90 GeV present in the MSSM@32#. This
bound may be further weakened if the decayP1→Ñ1Ñ1 is
allowed kinematically. If so, this mode tends to dominate
decay width leading to a large fraction of invisible fin
states.

The same is true of the lightestCP-even state,S1. The
limit found in @33# depends on the strength of theSVVcou-
pling relative to the corresponding standard model coupli
From Eq.~29! this relative factor isucbO 11

S 1sbO 12
S u, which

can be considerably smaller than unity if theS1 state has a
large singlet component. Again, the limit is further weaken
if the S1→Ñ1Ñ1 channel is open, as this tends to domina
the decay width below the gauge boson threshold. In
case, the limit on invisible decay modes found in@34# is the
relevant one.
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IV. ELECTROWEAK BARYOGENESIS

If electroweak baryogenesis~EWBG! is to generate the
presently observed baryon asymmetry, the electroweak p
transition must be strongly first order. In the most promisi
MSSM scenario, this phase transition is dominated by
light, mostly right-handed stop@35#. Such a stop produces
large contribution to the cubic term in the one-loop effecti
potential that is responsible for making the phase transi
first order. Even so, for Higgs boson masses above the LE
bound, there is only a very small region of parameter sp
in which the EW phase transition is strong enough
EWBG to work @18,36#.

The prospects for EWBG in the NMSSM are more pro
ising. The NMSSM has an additional tree-level contributi
to the cubic term of the effective potential. This is sufficie
to make the electroweak phase transition strongly first or
without relying on the contribution of a light stop@19–23#.
Since the nMSSM has a similar cubic term in the tree-le
potential, we expect EWBG to be possible in this model
well.

In this section we investigate the strength to the el
troweak phase transition in the nMSSM in order to find o
whether a strongly first order transition is possible, and if
try to map out the relevant region of parameter space.
simplify our analysis, we neglect the contributions from sf
mions other than the stops since these are generally
small. We also fix the stop SUSY-breaking parameters to

mQ3

2 5mU3

2 5~500 GeV!2,

at5100 GeV.

This choice of parameters leads to stops that are too heav
have a relevant impact on the strength of the first order ph
transition. We have made this choice because it allows u
emphasize the effects induced by terms in the tree-level
fective potential that are not present in the MSSM. The
effects turn out to be sufficient to make the phase transi
strongly first order, even in the absence of light stops.

While a strongly first order electroweak phase transition
necessary for EWBG to generate the observed baryon as
metry, based on previous analyses of the MSSM, it appe
that this condition is also sufficient@37,38#. In the MSSM,
the generation of baryon number proceeds from theCP-
violating interactions of the charginos with the Higgs fiel
The dominant source ofCP violation, leading to the baryon
asymmetry, is proportional to the relative phase of them and
the gaugino mass parameters,arg(mM2). The only differ-
ence in the model under study is that them parameter is
replaced by the quantity (2lvs), which is real, andCP vio-
lation is induced by the phase of the gaugino masses. Th
fore, in the presence of a sufficiently strong first order ph
transition, we expect a result for the baryon asymmetry g
erated from the chargino currents similar to the one obtai
in the MSSM.

A. One-loop effective potential

The finite temperature effective potential for the re
Higgs scalars is
5-8
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V~w i ,T!5V0~w i !1V1~w i ,T!1Vdaisy~w i ,T!1•••

~32!

whereVn is the n-loop contribution, and the additional term
Vdaisy, will be discussed below. Also,w i , i 51,2,s are the
classical field variables corresponding toH1

0 , H2
0, and S.

(w i5v i at the T50 minimum.! The tree-level part is

V0~w i !5m1
2w1

21m2
2w2

21ms
2ws

212m12
2 w1w212tsws

12alwsw1w21
ḡ2

8
~w1

22w2
2!21l2ws

2~w1
21w2

2!

1l2w1
2w2

2 . ~33!
n
th
k

l

el

g
d
e

lys

w
al

03500
Note the cubic term,alwsw1w2, which has no counterpart in
the MSSM. In theDR scheme, the one-loop contributio
reads

V1~w i ,T!5(
b

gbf B~mb
2 ,T!1(

f
gf f F~mf

2 ,T!, ~34!

whereb runs over bosons,f runs over Weyl fermions, andgi

is the number of~on-shell! degrees of freedom. To a ver
good approximation, the functionsf B , f F are given by@39#
f B~m2,T!55 2
p2

90
T41

1

24
m2T22

1

12p
~m2!3/2T2

m4

64p2
lnS Q2

ãBT2D , m/T&2.2,

m4

64p2 F lnS m2

Q2D 2
3

2G2S m

2pTD 3/2

T4e2m/TS 11
15

8
T/m1••• D , m/T*2.2,

~35!

f F~m2,T!55 2
7p2

720
T41

1

48
m2T21

m4

64p2
lnS Q2

ãFT2D , m/T&1.9,

2
m4

64p2 F lnS m2

Q2D 2
3

2G2S m

2pTD 3/2

T4e2m/TS 11
15

8
T/m1••• D , m/T*1.9.
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Here, ãB5(4pe2gE)2, ãF5(pe2gE)2, m2 is the field-
dependent mass at zero temperature. We neglectV2 and
terms of higher order.

The third contribution to the potential,Vdaisy, is a finite-
temperature effect@40#. At zero temperature, one-loop boso
self-energy diagrams which are quadratically divergent in
UV also develop an IR divergence as the boson mass is ta
to zero. At finite-temperature, whenm!T the would-be IR
divergence is cut off byT rather thanm leading to a therma
contribution to the effective mass,m2→m̄25m21aT2. Re-
summing the leading thermal contributions to bosonic s
energies modifies the effective potential by the amount

Vdaisy52
1

12p (
b

gb~m̄b
22mb

2!3/2, ~36!

where m̄b
2 is the thermal mass. The sum includes gau

bosons, although only the longitudinal modes of these
velop a thermal contribution to their mass at leading ord
The field-dependent mass matrices relevant to our ana
~including thermal corrections! are listed in Appendix A.

B. Tree-level analysis

To better understand the effect of the new cubic term,
have examined a simplified form of the potential which
e
en

f-

e
e-
r.
is

e
-

lows us to obtain analytic expressions for the critical te
perature,Tc , and the field VEV’s. If the cubic term plays
dominant role in making the electroweak phase transit
first order, we expect this analysis to give a good qualitat
description of the transition.

Our first simplifying assumption is that the ratio of th
field values at the broken phase minimum remains cons
up to Tc . That is, we fix tanb, and consider variations in
w5Aw1

21w2
2. To make the one-loop part of the potenti

more manageable, we keep only the leadingw2T2 terms in
the low-temperature expansion, and include only the con
butions of the gauge bosons and the top. Since the stop
assumed to be heavy, the leading temperature-depen
contribution comes from the top providedl lies below the
perturbative bound,l&0.8. For larger values ofl the con-
tributions from the Higgs bosons, charginos, and neutrali
become important. We shall restrict ourselves to the per
bative regime in the present analysis.

In terms ofw, ws , andb, the effective potential become
V5V01V1. The tree-level part is

V05M2w21ms
2ws

212tsws12ãw2ws1l2w2ws
21l̃2w4,

~37!

where we have defined
5-9
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FIG. 4. Values ofD for parameter sets leadin
to a strongly first order phase transition for:~a! l
below the perturbative bound;~b! general values
of l in the range 0.7,l,2.0. The region con-
sistent with the experimental constraints lie
within the area enclosed by the solid lines.
o
he

i-
M25m1
2cos2b1m2

2sin2b1m12
2 sin 2b,

ã5alsinb cosb,

l̃25
l2

4
sin22b1

ḡ2

8
cos22b. ~38!

Within our approximation, the one-loop part is

V15
1

8
S g21

ḡ2

2
12yt

2sin2b Dw2T2. ~39!

To find the minimization conditions, we shall make use
the simple~quadratic! ws dependence and consider only t
field-space trajectory]V/]ws50 along which the minimum
of the potential is found. This condition allows us to elim
natews in terms ofw giving

ws52S ts1ãw2

ms
21l2w2D . ~40!

Inserting this back into the effective potential, we find
03500
f

V~w,T!5m2~T!w22
~ ts1ãw2!2

ms
21l2w2

1l̃2w4, ~41!

wherem2(T)5M21 1
8 (g21ḡ2/212yt

2sin2b)T2.
The critical temperature,Tc , and the VEV atTc , wc , are

defined by the two conditions

V~wc ,Tc!5V~w50,Tc!, ~42!

]V

]w U
w5wc

50.

Solving for wc andTc we find

wc
25

1

l2 S 2ms
21

1

l̃
Umsã2

l2ts

ms
U D ,

Tc
258~F~wc

2!2F~v2!!Y S g21
ḡ2

2
12yt

2sin2b D ,

~43!

where
5-10
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TABLE III. Sample parameter sets exhibiting a strongly first order electroweak phase transitio

Set tanb l vs al ts
1/3 Ma uM2u f wc Tc Vh2

~GeV! ~GeV! ~GeV! ~GeV! ~GeV! ~GeV! ~GeV!

A 1.70 0.619 2384 373 157 923 245 0.14 120 125 0.10

B 1.99 0.676 2220 305 143 914 418 2.57 145 95 0.01

C 1.10 0.920 2276 386 140 514 462 2.38 145 130 0.10
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f the
F~w2!52ãS ts1ãw2

ms
21l2w2D 2l2S ts1ãw2

ms
21l2w2D 2

22l̃2w2.

~44!

Both wc
2 andTc

2 must of course be positive if a solution is
exist. Forwc

2.0, we need

ms
2,

1

l̃
Ul2ts

ms
2msãU. ~45!

The positivity of Tc
2 requires thatF(wc

2).F(v2). Since in-
creasing the temperature tends to decrease the field VEV
condition will be satisfied ifF(w2) is a decreasing function
which is the case provided

S msã2
l2ts

ms
D 2

,l̃2~ms
21l2w2!3. ~46!

It is sufficient to demand that this hold forw5wc , which
gives

ms
3~ms

2ã2l2ts!
2,

1

l̃
ums

2ã2l2tsu3. ~47!

This is equivalent to the inequality in Eq.~45!. Thus, Eq.
~45! is the necessary condition for a first order phase tra
tion. To satisfy this equation,ms

2 must not be too large. This
can be also seen from Eq.~41!, which has only positive
quadratic and quartic terms in the limitl2w2!ms

2 .

C. Numerical analysis

The results of the previous section have been exam
more carefully by means of a numerical investigation of
one-loop effective potential. In this analysis, we consid
only the dominant contributions which are those of the t
the stops, the gauge bosons, the Higgs bosons, the charg
and the neutralinos. The corresponding field-dependent m
matrices, both at zero and finite temperature, are listed
Appendix A. For the purpose of calculating thermal mass
we assume that the remaining sfermions and the gluino
heavy enough to be neglected. We find that a strongly
order electroweak phase transition is possible within
nMSSM.

The procedure we use goes as follows: To begin,
specify the values of (b, vs , al , ts , Ma , l, uM2u, f),
whereM25uM2ueif is the complexW-ino soft mass. These
are chosen randomly from the initial ranges listed in Table
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As above, theB-ino mass is taken to beM15M2/2, and we
fix the soft stop parameters to bemQ3

2 5mU3

2 5(500 GeV)2,

at5100 GeV. The subtraction scale is set atQ2

5(150 GeV)2. For each parameter set we calculate the m
spectrum at zero temperature and impose the experime
constraints described in Sec. III. At this point we do n
impose any dark matter constraint other than the neces
conditionmÑ1

.25 GeV. Since, for some parameter sets,

one-loop correction can destabilize the potential in thews
direction, we also check that the minimum at (w1 ,w2 ,ws)
5(v1 ,v2 ,vs) is a global minimum atT50. Finally, we cal-
culatewc andTc using the full potential, whereTc is taken to
be the temperature at which the symmetric and broken ph
minima are equal in depth, andwc5Aw1

21w2
2 is the broken

phase VEV at this temperature.
In this way we have found several parameter sets wh

satisfy all the constraints listed above, and givewc /Tc
.0.9, which we take as our criterion for a strongly fir
order transition@35,41#.3 Let us define

D5
1

l̃ms
2 S l2ts

ms
2ãmsD ~48!

wherems
252alv1v2 /vs2ts /vs2l2v2 @see Eq.~10!#, and

ã and l̃ are defined in Eq.~38!. D is crucial in determining
whether or not a first order phase transition occurs. The s
plified analysis of Sec. IV B, Eq.~45! in particular, suggests
that uDu.1 is a necessary condition for a first order tran
tion. Figure 4 showsD plotted againstms for both l below
the perturbative bound, and for general values in the ra
0.7,l,2.0. The region surrounded by the solid lines in th
figure corresponds to parameter sets consistent with the
perimental constraints. This figure shows that among the
rameter sets for which a strongly first order phase transi
occurs, most satisfyuDu.1. On the other hand, we also fin
parameter sets withuDu.1 that do not exhibit a strongly firs
order phase transition, so this condition is not a suffici
one. The lowms region in these plots is excluded since t
potential tends to become unstable in the singlet direction
small values of this quantity. This leads to the addition
requirement ofms

2*(50 GeV)2.
The critical temperature for the phase transition gener

falls in the rangeTc5100–150 GeV. Table III shows the
parameter values and transition temperatures for three o

3This corresponds towc /Tc.1.3 for w normalized to 246 GeV.
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FIG. 5. Neutralino relic density as a functio
of mass for two values of the mixing paramete
uuN13u22uN14u2u50.1 ~dotted!, 0.5 ~dashed! and
typical values of the Higgs mixing parameter
The region to the right of the thick solid line i
consistent with the observedZ width. The scat-
tered points correspond to parameter sets t
give a strongly first order phase transition, an
are consistent with perturbative unification.
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successful parameter sets. The particle spectra correspon
to these are listed in Appendix C. Parameter setsA and B,
with uDu. 1, both satisfy the perturbative bound whileC,
for which D.6.7, exceeds it.

SetsA and B are typical of the~perturbative! parameter
sets that give a strong phase transition. As we found in S
III A, the constraints in the chargino-neutralino sector, alo
with perturbative consistency, forcel;0.5–0.8, tanb
;1.5–5, anduvsu;150–500 GeV. For a givenvs , the val-
ues of al and ts must then be adjusted so thatms

2

*(50 GeV)2 ~Eq. ~10!! and uDu*1 @Eq. ~48!# if the poten-
tial is to be stable and the transition is to be strongly fi
order. These quantities are further constrained by the H
sector. We find that these requirements may be satisfied
al;300–600 GeV and ts;(50–200 GeV)3. An upper
bound on the value ofms is obtained, that is about 200 GeV
This bound arises from the phenomenological constra
and, most importantly, due to the dependence of the par
eter D on ms , Eq. ~48!, from the conditionuDu*1. This
bound onms has important consequences for Higgs phys
as we will describe in Sec. VI.

The value ofMa , instead, does not appear to have mu
effect on the phase transition, but tends to be fairly lar
Ma*400 GeV, due to the Higgs boson mass constrai
While large values ofMa help to increase the masses of t
03500
ing

c.
g

t
gs
or

ts
-

,

h
,

s.

lightest Higgs states, they also tend to make EWBG l
efficient @36–38#. Even so, EWBG is still able to account fo
the baryon asymmetry provided tanb&2, as we tend to find
here@36#.

V. NEUTRALINO DARK MATTER

As discussed above, the LSP in this model~for l below
the perturbative bound! is always the lightest neutralino,Ñ1,
with a mass below about 60 GeV and a sizeable sing
component. This can be dangerous since a light, stable
ticle with very weak gauge couplings may produce a re
density much larger than is consistent with the observed c
mology. On the other hand, if theÑ1 is able to annihilate
sufficiently well, this state makes a good dark matter can
date@42#.

For values of tanb andl consistent with the perturbativ
limit, the LSP tends to be mostly singlino, but has a sizea
Higgsino component. SincemÑ1

&60 GeV, s-channelZ0 ex-
change is the dominant annihilation mode. There are a
contributions from s-channelCP-even andCP-odd Higgs bo-
son exchanges generated by thelSH1•H2 term in the super-
potential, although these tend to be very small except n
the corresponding mass poles. Since we have assumed
n
r,

s.
s

ich
th
FIG. 6. Neutralino relic density as a functio
of mass for two values of the mixing paramete
uuN13u22uN14u2u50.1 ~dotted!, 0.5 ~dashed! and
typical values of the Higgs mixing parameter
The region to the right of the thick solid line i
consistent with the observedZ width. The scat-
tered points correspond to parameter sets wh
give a strongly first order phase transition wi
0.7,l,1.2.
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FIG. 7. Mass of the light Higgs bosons fo
typical parameter values consistent with EWBG
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all sfermions are heavy, we consider only these two chan
in our analysis. The relevant couplings are listed in Appen
B. ~The matrix element for s-channelZ-exchange is given in
@43#.! Let us stress that coannihilation between the light
neutralino and the other chargino and neutralino states is
important, since for the parameter sets consistent w
EWBG and the perturbative bound, the NLSP is always
least 15%~and almost always more than 25%! heavier than
the LSP, implying that the coannihilation contribution
Boltzmann-suppressed.

The LSP mass range of interest lies near the Z-pole m
ing the annihilation cross section a rapidly varying functi
of the mass. Since this can cause problems for the n
relativistic expansion commonly used to calculate the th
mal average of the cross section@44#, we have instead fol-
lowed the methods described in@45# to do the thermal
average. This gives

^sv&5E
4M2

`

dsAs24M2WK1~As/T!/16M4TK2~M /T!,

~49!

whereM5mÑ1
is the neutralino mass, T is the temperatu

s is the usual Mandelstam parameter,K1 andK2 are modified
Bessel functions, and the quantity W is defined to be

W5E F)
f

d3pf

~2p!32Ef
G ~2p!4d (4)S p11p22(

f
pf D uMu2,

~50!

where uMu2 is the squared matrix element averaged o
initial states, and summed over final states.

To find the relic density we have solved the correspond
Boltzmann equation using the approximation method
scribed in@46#. The ratio of mass to freeze out temperatu
xf5M /Tf , is given by the solution to

xf5 lnF0.038~g/g
* S

1/2!MM Pl^sv&~xf !

xf
1/2 G , ~51!
03500
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whereg52 is the number of degrees of freedom of the ne
tralino,g* S

is the total number of relativistic degrees of fre

dom at temperatureTf ~we use a simple step approximatio
for bothg* andg* S

), andM Pl is the Planck mass. The reli
density is then given by

Vh25
~1.073109 GeV21!

M Pl
S E

xf

`

dx
^sv&~x!

x2
g
*
1/2D 21

.

~52!

Figures 5 and 6 show the relic densities obtained for
rameter sets that satisfy the abovementioned experime
constraints, and are consistent with EWBG. A relic dens
consistent with the observed dark matter is obtained for n
tralino masses in the rangemÑ1

.30–40 GeV. For neu-
tralino masses greater than this, it appears to be difficul
generate a sufficiently large relic density to account for
dark matter. If we allowl to exceed the perturbativity
bound, a realistic dark matter candidate may be obtained
neutralino masses above about 65 GeV.

VI. PHENOMENOLOGICAL DISCUSSION

The region of parameter space consistent with EWB
neutralino dark matter, and the experimental bounds is q
constrained, and leads to an interesting phenomenology.
shall focus on values of tanb andl that satisfy the pertur-
bativity bound.

The dark matter condition implies that the LSP of t
model is the lightest neutralino with a mass in the ran
mÑ1

.30–40 GeV, and is mostly singlino. For smaller va

ues ofuM2u, the next-to-lightest neutralino is predominant
bino. Otherwise it is a mostly Higgsino state. In both cas
there are always two mostly Higgsino states with masse
order ulvsu&350 GeV. The bound on the Higgsino mass
comes from the bound onumu found in Sec. III A. This bound
also implies that the lightest chargino state has a mass be
this value.
5-13
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In the Higgs sector, sinceMa tends to be fairly large, oneCP-even Higgs state, oneCP-odd Higgs state, and the charge
Higgs end up with large masses of orderMa . The remainingCP-odd state is relatively light, and is nearly a pure singlet. F
Ma→`, the tree-level mass of this state goes to@see Eq.~24!#

mP→A2~ ts1alv2sbcb!/vs5Ams
21l2v2, ~53!

which is less than 250 GeV for the values ofts , vs, andal consistent with EWBG, as may be seen from Fig. 4.
The remaining twoCP-even states also tend to be fairly light. In theMa→` limit, the effective tree-level mass matrix fo

these states becomes

MS1,2

2 5S MZ
2cos22b1l2v2sin22b v~alsin 2b12l2vs!

v~alsin 2b12l2vs! 2~ ts1alv2sbcb!/vs
D . ~54!

FIG. 8. Composition of the two lightCP-even
Higgs bosons for typical parameter values cons
tent with EWBG. The solid lines correspond t
the components ofS1 , O 1i

S , while the dotted
lines are those ofS2 , O 2i

S , for i 51,2,S. The
composition of theP1 state is not shown becaus
it is almost pure singlet.
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Among the parameter ranges consistent with EWBG, the
diagonal element of this matrix can be of the same orde
the diagonal elements which leads to a strong mixing
tween the gauge eigenstates. However, too much mixing
produce an unacceptably light mass eigenstate, in con
with the LEP bounds@33,34#. To avoid this, the two terms in
the off-diagonal matrix element must cancel to some ext
If al522l2vs /sin 2b, the cancellation is exact, and th
mixing goes to zero. The mass eigenstates then consist o
SM-Higgs-like linear combination (cosbH1

01sinbH2
0) with a

tree-level mass below 115 GeV, and a singlet state tha
degenerate with the lightestCP-odd state. In general thes
states do mix, but since the mixing is limited by the Hig
boson mass constraint, one state remains predominantly
like while the other is mostly singlet. For finiteMa , the
corrections to this picture are of orderalv2/Ma

2 .
The mass of the SM-likeCP-even state is increased sig

nificantly by the one-loop corrections from the top and t
stops. FormQ

2 5mU
2 5500 GeV, at5100 GeV, as used in

our analysis, we find that the mass of the lightest Hig
boson can be as large as 130 GeV, and still be consistent
03500
f-
s
-

an
ict

t.

the

is

M-

s
ith

EWBG.4 This is somewhat larger than the correspond
MSSM limit of about 120 GeV@8#, and is the result of the
additional terms in the tree-level potential. These lead t
larger Higgs quartic coupling than in the MSSM, which se
the scale of the lightest SM-likeCP-even state, while still
allowing for a strongly first order electroweak phase tran
tion.

Figures 7 and 8 show the mass and composition of
three light Higgs states~including the one-loop contribution
from the top and the stops! for the representative paramet
values Ma5900 GeV, ts5(150 GeV)3, vs52300 GeV,
al5350 GeV, andl50.7. These values are typical of thos
consistent with the constraints and EWBG. The maximum
the mass of the lightestCP-even state occurs when the of
diagonal term in Eq.~54! vanishes; sin 2b522l2vs/al . The
splitting between theP1 andS2 states at this point is due t
the finite value ofMa . As tanb varies away from the maxi-
mum point, the mixing between theCP-even Higgs boson
states increases and, for the specific parameters chose

4We do not expect two-loop corrections to significantly alter th
result for the set of stop parameters used here.
5-14



t
en

in
a
s
ct

i

ho

om
e.
ov
t

g
C

e

%
-

er
in

il

lea

nd
,
s
tl
to

th
e
I

n
ar

o

not
,

SP

ak
etry
ob-
ion
ca-
p
nsi-

is
del

tate
ses

os-
ino

ire-

to
n-

,
ul
S

en-
lysis
lcu-
;
n-
nglet
g
ese

ggs
par-
he
ice

ince
the

he
are

ELECTROWEAK BARYOGENESIS AND DARK MATTER IN . . . PHYSICAL REVIEW D70, 035005 ~2004!
Fig. 7, values of tanb*2.5 are excluded by the curren
Higgs boson mass bounds obtained by the LEP experim
@33,34#.

The discovery of these light states is more challeng
than the MSSM case for two reasons. First, all three can h
sizeable singlet components which reduce their coupling
the gauge bosons and quarks, and therefore their produ
cross sections. Second, these states can decay invisibly
pairs of the neutralino LSP. ForCP-even Higgs boson
masses below the weak gauge boson production thres
this mode dominates the decay width:BR(S→Ñ1Ñ1)
.0.60–0.95 for the SM-like state;BR(S→Ñ1Ñ1).1 for
the mostly singlet state. However, for masses above~or near!
the threshold, weak gauge boson final states become d
nant unless the Higgs boson is a nearly pure singlet stat

Previous studies indicate that the most promising disc
ery mode for an invisibly decayingCP-even Higgs boson a
the LHC is vector boson fusion~VBF! @47–50#. In Ref. @49#
the authors find that, from the invisible modes alone, Hig
boson masses up to 150 GeV can be excluded at 95%
with 10 fb21 of integrated luminosity providedh*0.35,
where

h5BR~h→ inv!
s~VBF!

s~VBF!SM
. ~55!

If we treat these limits as being due only to statistical unc
tainty and rescale them by luminosity, we obtain

L95%.
1.2 fb21

h2
, L5s.

8.0 fb21

h2
, ~56!

whereL95% andL5s are the luminosities needed for a 95
C.L. exclusion and a 5s discovery respectively. For the SM
like CP-even state, we findh.0.5–0.9 among the paramet
sets consistent with EWBG. This implies that, from the
visible channels alone, less than about 5 fb21 of integrated
luminosity is needed to exclude this state at 95% C.L., wh
10–30 fb21 is sufficient for a 5s discovery. Similarly, we
find h.0 –0.35 for the mostly singletCP-even state if the
mass lies below the gauge boson threshold. Thus, at
10 fb21 is needed for a 95% C.L. exclusion and 65 fb21 for
a 5s discovery using the invisible modes. On the other ha
if this state has a mass above the gauge boson threshold
Higgs component is usually large enough that gauge bo
final states completely dominate the branching ratio. Las
the light CP-odd state is nearly pure singlet and tends
decay invisibly, making it extremely difficult to observe.

VII. CONCLUSIONS

The origin of the matter-antimatter asymmetry and
source of the dark matter are two of the most important qu
tions at the interface of particle physics and cosmology.
this article, we have investigated these questions withi
next-to-minimal supersymmetric extension of the stand
model. The nMSSM model, which elegantly solves them
problem by adding a gauge singlet superfield, appears t
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consistent with all current experimental constraints, does
suffer from the usual domain wall problem of the NMSSM
and leads to the stability of the proton and a neutralino L
over cosmological times.

We have shown that a strongly first order electrowe
phase transition, necessary to preserve the baryon asymm
produced by electroweak baryogenesis, may be naturally
tained within this model. The strength of the phase transit
is largely determined by terms in the tree-level nMSSM s
lar potential. This differs from the MSSM, in which one-loo
corrections from a light stop are needed to make the tra
tion first order.

We have also shown that, if perturbative consistency
required to hold up to the GUT scale, the LSP of the mo
~in the absence of a light gravitino! is always the lightest
neutralino, and has a mass below about 60 GeV. This s
provides a viable dark matter candidate for neutralino mas
in the range 30–40 GeV. Furthermore, we find that it is p
sible to achieve simultaneously both a realistic neutral
relic density and a strongly first order phase transition.

In the region of parameters consistent with both requ
ments, there are always at least two lightCP-even and one
light CP-odd Higgs bosons. These can decay invisibly in
neutralinos providing an interesting modification to the sta
dard Higgs physics processes.
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APPENDIX A: FIELD-DEPENDENT MASSES

In this section we collect the field and temperature dep
dent mass matrices for those particles relevant to the ana
in Sec. IV. The leading thermal mass corrections were ca
lated following @51# for vanishing background field values
w15w25ws50. Ignoring the singlet background is reaso
able here since, in the parameter space of interest, the si
VEV is closely related to the other Higgs VEV’s. To leadin
order, only bosons receive thermal mass corrections. Th
come from quadratically divergent~at T50! loops containing
particles which are light compared to the temperature;m
&2pT for bosons andm&pT for fermions. For the purpose
of calculating thermal masses we have taken the Hi
bosons, Higgsinos, electroweak gauginos, and the SM
ticles to be light, while treating the rest of the particles in t
spectrum as heavy. We do not expect that a different cho
of spectrum would change our phase transition results s
the first order nature of the transition is determined by
tree-level potential rather than the cubic one-loop term inj B .

1. Gauge bosons

At leading order, only the longitudinal components of t
gauge bosons receive thermal corrections. The masses
5-15
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mW
2 5

1

2
g2~w1

21w2
2!1PW6,

M Zg
2 5S 1

2
g2~w1

21w2
2!1PW3 2

1

2
gg8~w1

21w2
2!

2
1

2
gg8~w1

21w2
2!

1

2
g82~w1

21w2
2!1PB

D ,

~A1!

whereP i50 for the transverse modes, and
03500
PW65
5

2
g2T2,

PW35
5

2
g2T2,

PB5
13

6
g82T2, ~A2!

for the longitudinal modes.
2. Tops and stops

mt
25yt

2w2
2,

M t̃
2
5S mQ

2 1mt
21

1

4 S g22
1

3
g82D ~w1

22w2
2!1P t̃ L

atw21lwsw1

atw21lwsw1 mU
2 1mt

21
1

3
g82~w1

22w2
2!1P t̃ R

D , ~A3!
where

P t̃ L
5

1

3
gs

2T21
5

16
g2T21

5

432
g82T21

1

6
yt

2T2,

~A4!

P t̃ R
5

1

3
gs

2T21
5

27
g82T21

1

3
yt

2T2.

3. Higgs bosons

The CP-even mass matrix elements are

MS11

2 5m1
21l2~w2

21ws
2!1

ḡ2

4
~3w1

22w2
2!1PH1

,

MS12

2 5m12
2 12w1w2S l22

ḡ2

4
D 1alws,

MS13

2 5alw212l2w1ws,

~A5!

MS22

2 5m2
21l2~w1

21ws
2!1

ḡ2

4
~3w2

22w1
2!1PH2

,

MS23

2 5alw112l2w2ws,

MS33

2 5ms
21l2~w1

21w2
2!1PS,

where the leading thermal corrections are
PH1
5

1

8
g82T21

3

8
g2T21

1

12
l2T2,

PH2
5

1

8
g82T21

3

8
g2T21

1

12
l2T21

1

4
yt

2,

~A6!

PS5
1

6
l2T2.

For theCP-odd states we have

MP11

2 5m1
21l2~w2

21ws
2!2

ḡ2

4
~w2

22w1
2!1PH1

,

MP12

2 52m12
2 2alws,

MP13

2 52alw2,

~A7!

MP22

2 5m2
21l2~w1

21ws
2!1

ḡ2

4
~w2

22w1
2!1PH2

,

MP23

2 52alw1,

MP33

2 5ms
21l2~w1

21w2
2!1PS,

where the thermal corrections are as above.
The charged Higgs boson mass matrix is
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M H
11
6

2
5m1

21l2ws
22

ḡ2

4
~w2

22w1
2!1

g2

2
w2

21PH1
,

M H
12
6

2
52S l22

g2

2 Dw1w22m12
2 2alws, ~A8!

M H
22
6

2
5m2

21l2ws
21

ḡ2

4
~w2

22w1
2!1

g2

2
w1

21PH2
.

4. Charginos and neutralinos

The chargino mass matrix reads

Mx65S 0 Xt

X 0 D ~A9!

where

X5S M2 gw2

gw1 2lws
D . ~A10!

For the neutralinos we have

MÑ5S M1 • • • •

0 M2 • • •

2
g8

A2
w1

g

A2
w1 0 • •

g8

A2
w2 2

g

A2
w2 lws 0 •

0 0 lw2 lw1 0

D .

~A11!

We have takenM15M2/2 and have allowedM2 to be com-
plex in our analysis.

APPENDIX B: HIGGS AND NEUTRALINO COUPLINGS

We list here the Higgs and neutralino couplings relev
to our analysis. All fermions are written in terms of fou
component spinors to facilitate the derivation of the Fe
man rules. As above, Eq.~18!, we define the unitary matrix
Ni j by
Ñi5Ni j c j
0 ~B1!

03500
t

-

where (c i
0)5(B0̃,W0̃,H1

0̃,H2
0̃,S̃). Similarly, as in Eq.~28!

we define the orthogonal matricesO S andO P by

S S1

S2

S3

D 5O SS f1

f2

fs

D ; S P1

P2
D 5O PS A0

as
D . ~B2!

1. Neutralino couplings

ZNN @1#:

LZNN5
g

2 cosuW
ZmÑ̄ig

m~O i j
NPL2O i j

N* PR!Ñj ~B3!

where

O i j
N5

1

2
~Ni4Nj 4* 2Ni3Nj 3* !. ~B4!

For the Higgs-neutralino couplings we consider only t
contribution from thelSH1•H2 term in the superpotential
We therefore neglect the contribution due to mixing with t
gauginos.

SNN:

LSNN52
l

A2
SkÑ̄i~Āi j

k PL1Ai j
k PR!Ñj , ~B5!

where

Ai j
k 5O k1

S Qi j
451O k2

S Qi j
351O k3

S Qi j
34,

Qi j
ab5

1

2
~Nia* Njb* 1Nib* Nja* !.

Āi j
k is related toAi j

k by the replacementNi j* →Ni j .
PNN:

LPNN52 i
l

A2
SkÑ̄i~B̄i j

k PL2Bi j
k PR!Ñj , ~B6!

where

Bi j
k 5sbO k1

P Qi j
451cbO k1

P Qi j
351O k2

P Qi j
34.

As with Ai j
k , B̄i j

k is related toBi j
k by the replacementNi j*

→Ni j .
TABLE IV. Higgs scalar masses.

Set S1 S2 S3 P1 P2 H6

~GeV! ~GeV! ~GeV! ~GeV! ~GeV! ~GeV!

A 115 158 925 135 927 922

B 116 182 914 164 917 911

C 121 219 504 115 534 498
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TABLE V. Neutralino and chargino masses.

Set Ñ1 Ñ2 Ñ3 Ñ4 Ñ5 x1
6 x2

6

~GeV! ~GeV! ~GeV! ~GeV! ~GeV! ~GeV! ~GeV!

A 33.3 107 181 278 324 165 320

B 52.4 168 203 221 432 151 432

C 77.1 228 268 331 474 257 474

TABLE VI. Composition of the lightest neutralino and Higgs state.

Set uN11u uN12u uN13u uN14u uN15u O 11
S O 12

S O 13
S O 11

P O 12
P

A 0.13 0.10 0.11 0.37 0.91 0.46 0.74 20.50 0.08 0.99

B 0.07 0.07 0.16 0.52 0.84 0.42 0.80 20.44 0.07 0.99

C 0.01 0.01 0.28 0.33 0.90 0.70 0.53 0.48 0.26 0.97
to
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Finally we note that in converting these couplings in
Feynman rules, one must insert an additional factor of t
since the neutralinos are written as Majorana spinors@1#.

2. Higgs couplings

The relevant couplings of the Higgs scalars to the ga
bosons are given in Sec. III B above. We list here the c
plings of the Higgs boson to the third generation quarks.

S f̄f :

LS f̄f52
1

A2
ybO k1

S Skb̄b2
1

A2
ytO k2

S Skt̄ t. ~B7!

P f̄ f :

LP f̄ f5
i

A2
ybsbO k1

P Pkb̄g5b1
i

A2
ytcbO k1

S Pkt̄g5t.

~B8!

The couplings of the Higgs states to the other matter fer
ons follow the same pattern.

3. LSP lifetime

Having listed the Higgs-neutralino couplings, we m
now present an estimate for the lifetime of the LSP in theZ5

R

symmetric scenario. This symmetry allows thed55 operator
ŜŜĤ2L̂ in the superpotential, which can lead to the decay
the neutralino LSP. This operator generates a coupling wh
allows the neutralino to decay into a neutrino and a pair
off-shell neutral Higgs scalars, or an electron, a neu
Higgs scalar, and a charged Higgs scalar. We shall focu
the first mode with intermediate neutralCP-even states and
mostly singlino LSP. This gives a more stringent constra
03500
o

e
-

i-

f
h
f
l

on

t

than the charged mode, and the analysis with intermed
neutralCP-odd states is analogous. We will also assume t
each of the neutral Higgs bosons subsequently decays

b̄b. With these assumptions, we find

G~Ñ1→nb̄bb̄b!

;
p

2~4p2!4

yb
4uN15* O i3

S O j 2
S O 1i

S O 1 j
S u2

L2mH
8 S mÑ

5 D 11

~B9!

whereL is the cutoff scale,mH is the Higgs boson mass i
the intermediate propagators, and we have set all final s
momenta tomÑ/5. Setting the mixing factor to unity, taking
mÑ /mH;1 and tanb52, and demanding thatG,H0, we
find

L2*S mÑ

GeVD 3

1023 GeV2 ~B10!

which translates intoL*331014 GeV for mÑ5100 GeV.

APPENDIX C: SAMPLE MASS SPECTRA

We list in Table IV the Higgs boson mass spectra for t
sample parameter sets A, B, and C listed in Table III. Table
shows the neutralino and chargino masses for these pa
eter sets, while Table VI displays the composition of t
lightest neutralino,Ñ1, the lightestCP-even Higgs boson,
S1, and the lightestCP-odd Higgs boson,P1.
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