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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 t\@PheNen 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 smallerMh#®, in which case the lightest
Higgs boson decays predominantly into neutralinos.
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I. INTRODUCTION which explains the smallness of the neutrino masses in the
see-saw framework. This lepton asymmetry is subsequently
The standard moddSM) provides an excellent descrip- transformed into a baryon asymmetry via anomalous weak
tion of all elementary particle interactions up to energies ofinteraction processes: baryogenesis proceeds from leptogen-
order 100 GeV. However, there are several reasons to expe@$is[4,5]. Due to the high-energy nature of the fundamental
that an extension of the standard model description is needd@teractions leading to leptogenesis, it is difficult to test the
at energies slightly above this scale. The most important ofealization of this scenario by weak-scale experiments.
these is the precise mechanism for the generation of elemen- Electroweak baryogenesj§] provides an alternative to
tary particle masses. In the standard model, the Higg&odels of baryogenesis at high-energies, relying only on
mechanism provides a self-consistent parametrization of thighysics at the weak scale. The realization of this scenario
mechanism, but relies on mass parameters that are sensitigémands that the anomalous baryon-number violating pro-
to ultraviolet scales at the quantum level. Two ways to avoidcesses are out of equilibrium in the broken phase at the criti-
this problem are to invoke supersymmetry, or to break theal temperature of the electroweak symmetry breaking phase
electroweak symmetry dynamically. In both cases, the neWansition. This is possible only if the phase transition is
physics provides an effective energy cutoff for the SM de-strongly first order, or equivalently,
scription that is of order of the weak scale. While the con-
struction of supersymmetric extensions consistent with low ‘P(Tc)>1 1)
energy observables is a relatively simple t@&l2], this is T 7
much more difficult to do in models that break the elec-
troweak symmetry dynamically due to the non-perturbativewhere ¢(T,) is the Higgs vacuum expectation value in the
nature of the interactions in the symmetry breaking sectobroken phase at the critical temperatiite Such a strongly
[3]. first order transition cannot be achieved within the SM
The standard model description also fails to answer twdramework.
of the most important questions at the interface of particle Supersymmetric theories introduce new physics at the
physics and cosmology: the nature of the dark matter and theeak scale which may lead to a sufficiently strong first order
origin of the baryon asymmetry. A consistent dark matterphase transition. This can be achieved even within the mini-
density may easily arise in the presence of stable, neutraial supersymmetric extension of the SMISSM). How-
weakly interacting particles with masses of order of the wealever, in the minimal case, this demands Higgs boson masses
scale. In this sense, the observation of a nonvanishing damnly slightly above the present experimental bounds and a
matter density provides an additional motivation for the ex-light stop with a mass below that of the top-quérk There-
istence of new physics at the weak scale. The lightest supefere, this scenario is highly constrained and may be soon
symmetric particldLSP) in models of low-energy supersym- tested by the Tevatron collider experimefs.
metry with R-parity conservation provides a natural source As we will explain in the next section, there are good
for the observed dark-matter densijtly,2]. reasons to go beyond the minimal supersymmetric frame-
There are several ways of explaining the origin of thework. In this work we shall study a minimal extension of the
matter-antimatter asymmetry. Some of them rely on physic81SSM which includes a singlet field having restricted inter-
at scales much larger than the weak scale. Leptogenesis, factions. In Sec. Il, after motivating this extension, we will
instance, provides a mechanism for the generation of a legdescribe its most relevant properties. In Sec. 11l we will de-
ton asymmetry via the decay of heavy Majorana neutrinogine the model precisely, set out our notation, and study the
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TABLE I. Charges of fields under the Abelian symmetries dis- this additional cubic term, the superpotential is invariant un-
cussed in the text. der an anomalous U(3), whose charges are listed in Table
— . . U I, that gives rise to an unacceptable axidi]. The cubic
Hi H, S Q L U° D°E"W term explicitly breaks U(1), down to its maximalZ; sub-

U(L)y “12 12 0 1/6 -1/2 —2/3 13 1 0 group, 'Fhereby rempving the axion while s_tiII forbidding all
dimensionful couplings. Unfortunately, this generates new
Z3CU(1)pq 1 1 -2-1 -1 0 0 00O difficulties. When the singlet acquires a VEV, necessarily

near the electroweak scale, tilg symmetry is broken as
well producing cosmologically unacceptable domain walls
Z878CcU(1)ry 1 1 4 2 2 3 3 3 6 [12]. The domain wall problem can be avoidedZif violat-

ing non-renormalizable operators are included. However,

) ~such operators generate a large singlet tadpole that destabi-
particle spectrum at zero-temperature as well as the collidg[zeg the hierarchy13].

constraints. Section IV consists of an investigation of the As shown in[14-16, both problems can be avoided in
strength of the electroweak phase transition within thene context of an N1 supergravity scenario. In the absence
NMSSM. In Sec. V we will study some of the cosmological ot the cubic singlet term, the superpotential of E2).obeys
implications of the model. In particular, we will investigate ,, U(1)o, and U(1) symmetries listed in Table I, and so
the constraints on the model that arise if it is to provide ag 5,50 insariant under the group U(d)with chargesR’
realistic dark matter density. Section VI consists of a discus— 3R+ PQ. This symmetry alone is enough to give the su-
sion of the resulting phenomenology based on the results ‘Herpotential of Eq(2) with no cubic term, as are the maxi-
the previous sections. We reserve Sec. VIl for our conclu—mal Z? andZ$ subgroups of U(1Y. . If we r,10w demand that
sions. both the superpotential and the ldar potential obey one of
these discrete R-symmetries instead of Tiesymmetry of
Il. MINIMAL EXTENSION OF THE MSSM the NMSSM, the superpotential will be of the desired form
WITH A SINGLET SUPERFIELD up to a possible singlet tadpole term. Using power counting
arguments it may be shown that a singlet tadpole does arise,
hut only at the six ) or seven {g) loop level. The loop

U(1)r o o 2 1 1 1 1 1 2

The minimal supersymmetric extension of the SM stabi-

lizes the gauge hierarchy, leads naturally to a consistent un o . .
fication of the gauge couplings near the Planck scale, anguppression in both cases is large enough that the induced

provides a viable dark matter candidate if the neutralino, éadpole %oes not desta|b|I|ze tlhe h;erar@:y,lﬂ. Tglerefqrg,
superpartner of the neutral Higgs and gauge boson par'[icleg1IS mechanism very elegantly solves three problems: it pre-

is the LSH1,2]. Despite these successes, the model has somfENts the appearance of o_||men5|onal couplitsier than_ ]
unattractive features as well, among which is theroblem. the tadpolgin the renormalizable part of the superpotential;

~ A . . the induced singlet tadpole explicitly breaks Ugg)and its
Namely, t.he'“ t_erm,,qu-Hz, must be included n the su- discrete subgroups, thereby avoiding unacceptable axions
perpotential, with u| of order of the weak scale, if the elec-

! X ~~" and domain walls; and the loop suppression of the tadpole
troweak symmetry is to be brc_Jken. While tpeparameter is leads naturally to a singlet VEV of the order dsysy.
stable under quantum corrections as a result of supersymmg—ouowing [16], we shall refer to this model as the nearly
try, it is difficult (although possibl§9]) to explain why this

. ional v shoul h I minimal supersymmetric standard modeMSSM).
dimensional quantity should be so much smaller thanor Another interesting feature of the model is that something

MGUT: . like R-parity arises from the imposed R-symmetries. These
A simple solution is tAo replacg by the VEV of a gauge symmetries forbid the appearance of al=4 B- and
singlet chiral superfieldS. Other dimensional couplings in- |-violating operators as well as the dominant higher dimen-
volving the singlet are then forbidden by demanding that thesional B-violating operators that contribute to proton decay.
superpotential obey an additional symmetry. In the mosiwhile proton stability is ensured, there are non-
common formulation, the next-to-minimal supersymmetricrenormalizable operators that make the LSP unstable. As will
SM (NMSSM) [10], one imposes &3 symmetry under be shown in Sec. Ill A, the LSP of the model under study is
which the fields transform a®,—exp(2miq/3)®;, where nearly always the lightest neutralino. In ttZ§ symmetric
the charges); are given in Table I. The most general renor- case, this symmetry forbids atl<6 operators that could

malizable superpotential is then lead to the decay of such an LSP, andveadimensional
analysis shows that it has a lifetime in excess of the age of
W,en=ASH;-H,+ kS +y,0-A,0° the Universe. The issue is a bit more delicate in ZHecase
e e e a since thel-violating d="5 operatoiSSH,L is allowed by the
+Y4Q-H D" +yel -H,E", (2 symmetry. We find that the lifetime of the neutralino LSP

A induced by this operator is greater than the age of the Uni-
whereS is the singlet superfield and the other fields are theverse provided the cutoff scale(by which non-
same as in the MSSM. Except for the cubic singlet selfrenormalizable operators are suppre$sedceedsA=3
coupling, this is just the MSSM superpotential with a field X 10"* GeV. The details of our estimate are presented in
dependeniju-term proportional to the singlet field. Without Appendix B. Therefore, the same symmetries that ensure a

035005-2



ELECTROWEAK BARYOGENESIS AND DARK MATTER IN . .. PHYSICAL REVIEW Dr0, 035005 (2004

natural solution to thg:-problem stabilize the LSP, and pro- v =m2HIH,+ m2HIH,+m2|S?+ (t.S+H.c)
vide the means for a sufficiently large proton lifetime.

The nMSSM is quite attractive for a number of phenom- +(a,SH;-Hp+H.c) + myQTQ+ mi[tg/?
enological reasons as well. In the MSSM, large stop masses, o
high tangB, and some fine-tuning are needed to evade the +(a,Q-Hyty+H.c.).

LEP-II Higgs boson mass bound47]. These bounds are .

much easier to avoid in the nMSSM and the NMSSM sinceln writing V, we have defined= \/g?+ g’ ?=g/cosé,.

there is an additional tree-level contribution to BE-even The couplingsa, ’tsv)\rmiz:yt ,a, can all be complex, but
Higgs boson masses. The same LEP-II bounds on the lightegbt all their phases are physical. By suitable redefinitions of
neutral Higgs boson also put sr:evelre constrall(ints on the p A, andH,, the parameters and miz can both be made
rameter space consistent with electroweal aryogenesga,) [25]. To simplify the analysis and to avoid spontaneous
(EWBG) within the MSSM[18]._ O_n the other hand, EWBG CP violation, we shall assume that the soft-breaking param-
does appear to be possible within the NMS&M-23 and etersa, ,t,a, and the Yukaway, are also reat. Moreover,

other singlet extension®3] due to additional terms in the ., .

. . e may takea, andtg to be positive provided we allow
tree-level potential. We find that the same holds true for th%vnd mzy to ha\)/\e eith;r sign pRe;IIVpaFr)arr:”etersV;re not suffi
NMSSM. 12 e e i

. . . cient to exclude spontaneo@P violation, however, so we
Finally, we note that the superpotential and soft-breakin ust check this e>F<)pIicitIy We must also verify that the po-
terms of the NMSSM also arise as the low-energy effectiv . : X
theory of minimal supersymmetric models with dynamicaﬁ:iggil f?ecig: hot generate a VEV for either of the charged
electroweak symmetry breaking, the so-called ‘.‘Fat—H_|ggs" If none é)f the squark fields get VEV's, the tree-level
models[24]. In these models, the value of the nggs—smgletHi s potential becomes '
coupling\ is not restricted by the requirement of perturba- 9gs p
tive consistency up to the grand-unification scale. Instead, _ 2t 2t 2(Ql24 2 2
. : =miH;H{+m5HH,+mg| S|+ N“|H{-H
the precise value ok depends on the scale of dynamical 0= MiHHy+mzHzH,+mg|S) [HaHol

symmetry breaking\ being larger for smaller values of this 2

scale. In our work, we shall focus on the case where pertur- +N2[S2(HIH +HIH,) + g§(HZH2— HIH,)?

bative consistency holds up to high-energy scales, but we

will also comment on how our results are modified if we g2

ignore the perturbativity constraint on + EIHJ{H2|2+tS(S+ H.c)+a,(SH;-H,+H.c)
+m2,(H;-Hy+H.c). (5

IIl. THE NMSSM AT ZERO TEMPERATURE

Much of the analysis and notation in this section follows\We may choose an SU(X)U(1) gauge such thatH, )
that of [15]. For simplicity, we will include only the Higgs, =0 and(H?)eR> at the minimum of the potential. Taking
singlet, and third generation quark-squark fields in the supetthe derivative ofV, with respect toH, and evaluating the
potential. The superpotential, including the loop-generatedesult at the minimum, we find
tadpole term, is then

2

No 5
V= mj o"H+|Hi:Ui:vfr m§+)‘2|vs|2+z(|vz|2—v§)
a0, .0 120, A ~ ~ ;
Whmssv=ASH-Hp+ TS+YtQ'H2U°+--- 3 o
*7”1*@"“'2} (®)

whereA}=(H%,A), AL=(H ,HY) denote the two Higgs _ . .
superfieldsS is the singlet superfield, andl-B=e€2°A,B,  Where we have definedH3)=v,, (H;)=v., and(S)

with €2=1. =vs. It follows that (H, ) vanishes at the minimum pro-
The tree-level potential is theViy= Vg +Vp+ Voo vided m2+\?|v 4|2+ (9%/4) (|v,|2—v3) + (g%2)v3>0.
If the charged Higgs VEV's vanish at the minimum, the
2|2 only part of the potential that depends on the phases of the
12 ~ o~ i i i .
VF:‘)\Hl' H,+ = +INSH +y,T, T5|2 Higgs fields are the last three terms in E§):

o Vphase=ts(S+H.c)+a,(SHHS+H.c)
+|NSH; +yb, T4|2+|NS|2HIH, prase e
- B +mi,(HIHS+H.c.). 7
+ytrIHoHo+ [y Q- Hyl?,
— 2 1This assumption is not completeld hoc Within a minimal
Vp= %(HZHz_ HIH1)2+ %|HIH2|2, (4) supergravity scenario, the soft breaking parameters are proportional

to the corresponding terms in the superpotential.
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Recalling thata, andtg are both real and positive, the po-
tential will have an absolute minimum wit{S)=vse RS
and(H%) =v, e R providedmZ,<0. While this condition is
sufficient to avoid spontaneouSP violation, the result of
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[26] indicates that it is not necessary. We will focus on theThe one-loop corrections are therefore given by

m2,<0 case because it simplifies the analysis, and as we

shall see below, is preferred by the constraints on the sca

Higgs boson masses. However, we have also examined the
m3,>0 case, and find that once we impose the experimental

constraints described in the following section, the paramet

space withm?,>0 is very restricted, and tends to be incon-

sistent with electroweak baryogenesis.
With m2,<0, the field VEV's are all real and have fixed
sign:

(S)=vs<0 (H)=v,>0, (H)=0v,>0. (8)
We define the angl@ as in the MSSM:
vi=vCOSB, v,=vSsing, (9

with v=174 GeV. We also defing=—\vg, since this is
the quantity that corresponds to the parameter in the

MSSM. Note thatu can have either sign, depending on the

sign of \.
The minimization conditions foH?, HY, and S can be

used to relate the scalar soft masses to the other parameters

in terms of the VEV’s. These give

2

M= — (Mt a0 2~ (0] -0d) AHui+od)
1 v
2v, 07H(1) Htl):l’l,
2 2 v, ¢ 2 2\_\2(.2. 2
m2=—(m12+a)\vs)v—2+Z(vl—vz)—)\ (vitvg)
1w
2v; &Hg Hg:v;
mg__akvlvz_t_s_ 22 1 0AV ,
Vs Usg 2vg JS S,

(10

whereAV consists of contributions to the effective potentia
beyond tree level. To one-loop order

1

AV 5| 2 goh(md) =2 gh(m?) |,
) b f

11)

(4

where the first sum runs over all bosons, the second over
Wey! fermions,g; is the number of(on-shel) degrees of

h(mz)zm— | -2 (12)
4 Q% 2|
lar 2 omz| [ md
Amf:—64772(% gbmf,—i2 In(& —11
er om?|  [m?
Fomiilelg]o)] - o

H;=v;

A. Charginos and neutralinos

The chargino and neutralino sectors provide important
phenomenological constraints on the model. The fermion
component of the singlet superfield, the singlino, leads to a
fifth neutralino state. Assuming the sfermions to be heavy,
with masses of order a few hundred GeV, and valuea of
that remain perturbative up to a grand unification scale of
order 13% GeV, the LSP of the model is always the lightest
neutralino with a mass below about 60 GeV.

The chargino mass matrix, in the basis
(WH,HS W~ Hy), is
0 X
M == 14
where
M, \/ESBMW
X= \/_ . (15)
ZCBMW _)\Us
For the neutralinos, the mass matrix in basis
= (B°,W°,H? HY,S) reads
My
0 M,
My=| —CcgSuMz cpcyMz 0
SgswMz  —sgcyMz Avg O
O 0 )\1)2 )\Ul 0
(16)

In our analysis we takél,=(ay/a,)M,=3M,, which

| corresponds to what would be expected from universality at
the GUT scale. With an eye towards electroweak baryogen-
esis, we allow the gaugino masses to have a common phase:
M,=Me'? with M real. This phase also has a significant
effect on the mass of the lightest neutralino. Since flipping
the sign of\ is equivalent to shifting the gaugino phase by
¢— ¢+, we will consider only thex >0 case.
all To see how the light neutralino state arises, suppdse

and M, are very large and real so that the gaugino states

freedom,m; is the field-dependent mass eigenvalue, and thelecouple, leaving only the lower-33 Higgsino block. For

function h(m?) is given by(in the DR schemg

v1<v,,vs, the smallest eigenvalue of this matrix is then

035005-4



ELECTROWEAK BARYOGENESIS AND DARK MATTER IN . .. PHYSICAL REVIEW Dr0, 035005 (2004

FIG. 1. Allowed regions in the ta@-\ plane.
The region consistent with perturbative unifica-
tion lies below the thick solid line, while the re-
gions consistent with the LEP Il constrair(end
my,>25 GeV) lie above the thinner lines.
Among these, the solid line corresponds to a
gaugino phase ofp=, while the dotted and
dashed lines correspond t$=0, w/2 respec-
tively.

tan f§

lezz)\UlUZUs/(U%J’_vg—’_vg)a (17 therg is a danger of .prode:ing too large eicoqtribytion to the
Z-width. The branching ratio of th& to two N;'s is given by

and the corresponding state is predominantly singlino. More gR(z_.{,N;)
generally, the mass eigenstates are -
2 2_ 2\2 2mMy
N N1g)= M N
_ 9% (IN4g* =[Ny Z{l—( 1) } 19

Ri=Ng o, (18) 47T 240§, Tzl 1 Mg

_ _ _ R Combining the branching ratio constraint with that for the
whereN;; is a unitary matrix such thai* M N is diagonal relic density, we findny =35 GeV is needed if both condi-
with non-negative entrielsl]. We label the states in order of tions are to be met(See Sec. V.As this value depends
increasing mass so thhy is the lightest neutralino. somewhat on parameters in the Higgs sector, we impose the

Measurements made at LEP Il impose stringent conyeaker constraintny_ >25 GeV in our analysis.
straints on the chargino-neutralino spectrum. Since the cou- .
pling of the charginos to gauge bosons is the same as in the
MSSM, the mass of the lightest chargino must satis;yl:

>104 GeV[27]. The corresponding requirement for the neu-
tralinos is either l(n;,1+ m,:‘2)>209 GeV, or o(ete”

The magnitude of must be fairly larger=0.3, to raise
e mass of the lightest neutralino above 25 GéN|%0.5
for my,>35 GeV) On the other hand, il is too large it

encounters a Landau pole before the GUT scale. This is pre-
cisely what happens in the recently proposed fat Higgs
—N;N,)=<10"2 fb. Finally, for My, <Mz/2, we must have ~model[24], in which the Landau pole corresponds to the
BR(Z Rl <0810 ° (3] s Composeness scale e oud ke o e, e
It is possible to satisfy all of these constraints in the limit PrOPErty ot pert .

- ] ~ . ) sensg so we will focus most of our attention on values)of
of large tang, in which caseN; is a very light '_-SP;mﬁll_ that remain perturbative up tel 5+~ 10 GeV. However,
=15 GeV forA<1.0, tan3>10, andM,—. This state is  with the fat Higgs model in mind, we will also consider
mostly singlino, and couples only weakly to the gaugelarger values of.
bosons. However, this limit also leads to an unacceptably |t is straightforward to derive the limit ok at one-loop
large neutralino relic density. As we will show in Sec. V, for order. The relevantone-loop beta functions arg15]
heavy sfermions, the dominant annihilation channeNgiis

s-channel Z-exchanderor such a light, mostly singlinhl,, %: _ 1 §g3
the ZN;N; coupling is too weak for this state to annihilate dt  (4m)227°
efficiently.
Wf are thus led to consider values of @aof order unity. dy; Y , 1., 8,
The N, state now has a sizeable Higgsino component and ar (47)2(33/1 TSN 595)’
correspondingly large couplings to the gauge bosons, so
dx A 3
—= (2)\2+ —yf) , (20)
2There are also contributions to the annihilation cross section from dt (47)? 2

s-channel Higgs exchange, but these processes alone are not strong o _ 5 6 5
enough to produce an acceptable neutralino relic density unless théheret=In(Q%M3). Running these up tQ?=(10'° GeV)
neutralino mass is close to a half of one of the Higgs boson masseand demanding.?<4r, we find the allowed region in the
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500 T T
450 - -
4w - =
350 - E
M| ] _
FIG. 2. Allowed regions in theu|—|M,)|
250 - 7 plane for a gaugino phase ¢f=0, w/2, 7, and
200 - . (tanB,\) below the perturbativity bound. The al-
150 | lowed region lies in the central area. Recall that
Mm=—\vg in the model.
100 [~ R
s0 i
0 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400

ul

tanB-\ plane shown in Fig. 1. The lower limit on tg the N, state has a mass below about 60 GeV, making it the
comes about because small values of this quantity imply &SP in the absence of a light gravitino. For, below 50
largey,(my), and this accelerates the runninghaf The fig-  GeV, this state is predominantly singlino, with a sizeable
ure also shows the region in which tﬁq state has a mass Higgsino component. This is because, with the assumption of
greater than 25 GeV and satisfies the LEP Il constraintgaugino mass universality, the constraint on the chargino
listed above. mass puts a lower bound di,| that excludes a lighter
Figure 2 shows the corresponding allowed region in thePredominantlyB-ino state. However, a mostB-ino LSP is
|| — M| plane. The lower bounds dM,| and| x| are due  possible if the light singlino state has a mass above about 50
to the chargino mass constraint. Interestingly, there is also a@eV, although the parameter space in which this can occur,
upper bound omu|, which comes from the lower bound on consistent with perturbative unification, is severely re-
the lightest neutralino mass. From E¢k6), (17) we see that  stricted. In this event, the LSP and NLSP must be very close
for |vs|>v, the predominantly singlino state becomes Veryin mass. If\ is allowed to exceed the perturbativity bound,
light. Sincepu=—\vg and\ is bounded above by the per- the situation is much less constrained; the parameter space in
turbativity constraint, this translates into an upper bound orwhich the LSP is mostly8-ino becomes much larger, and a
|u|. Both the phase and the magnitude of the gaugino mada-ino LSP need no longer be nearly degenerate with the
M, have a significant impact on the mass of the light sin-NLSP.
glino state. The largest masses are obtainedgfermr with
[M,|~\v, as this maximizes the constructive interference
between the gaugino and Higgsino components. Wien
=0 the interference is destructive, ajM,|— o maximizes The LEP Il lower bound on the mass of the lightest neu-
the mass. tral CP-even Higgs boson of about 114 GeV is difficult to
Figure 3 shows the range of masses of the lightest newevade in the MSSM. This follows from the fact that, at tree
tralino that are consistent with the constraints listed aboveevel, the mass of this state is boundedMy,
(The relevant input parameter sets are those listed in Table

B. Higgs spectrum

. 2 2
II.) For tanB and\ below the perturbative bound we see that mr=MZcos28, (21
120 T T T T T T T
110 | .
100 [ .
m or 1
80 - 7 FIG. 3. Mass of the lightest neutralino. The
70 b - region to the right of the solid line is consistent
| | with the LEP Il constraints listed above. The re-
60 gion surrounded by the dotted line is also consis-
50 - tent with perturbative unification.
40 - -
30 : s
1 1 1 1 1 M 1 1 |
03 04 0.5 0.6 0.7 0.8 09 1 1.1 12
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TABLE Il. Ranges of input parameters.

tang A Vs a, te M, (M, &
(GeV) (GeVv) (GeVv) (GeV) (GeVv)

Range 1-5 0.3-2.0 —750-0 0-1000 0-1000 200-1000 0-1000 70—

which implies that large one-loop corrections are needed to Mg —a,v

increase the mass. The dominant loop contribution comes >

from the stops. With tag>1, stop masses of order 1 TeV, Mp= —a,v - i(t +s4ca,02) | (24)
and considerable fine-tuning of the stop mixing parameters, vg ° P

the mass of the lightest Higgs boson can be brought up to h
m,=130 GeV[17]. where
The corresponding tree-level bound in the nMSSN1EG]

2 1 2
M3=— (mi+ avs). (25
5 SpCp
27\%
mp=M3| cos28+ a2 sin2g |, (22 Note that Eg. (10) implies mZ+\%2=—(1lvg)(ts

+sBcBa>\v2). Therefore the singlet soft masssﬁ, sets the
_ mass scale of a predominantly singlet state.
which exceeds 100 GeV fojx|~0.7 and tapg~2. The Among the charged Higgs bosons, the combinat®h
same bound applies in the NMSSI9]. This makes it pos- — ¢35~ d1*cy is taken up by thel* leaving behind a

sible to avoid the LEP Il constraint without fine-tuning in the single complex charged scalar mass eigenstte, of mass
stop sector.

In order to discuss some of the constraints on the param- M2 =M2+MZ—\%2. (26)
eter space from the Higgs sector, we list here the tree-level
Higgs boson masses. We have also included the one-lodpmay be shown using the minimization conditions, Eif),
mass corrections from the top and the stops givefl in thatMi>0 is equivalent to the condition needed to avoid a
our numerical analysis. charged Higgs VEV given below E@6).

Since the tree-level Higgs VEV'’s are real, and neglecting Finally, the mass matrix elements for t@#-even Higgs
the smallCP-violating effects associated with the one-loop boson states are
chargino and neutralino contributioh30], the Higgs fields
can be expanded as M= S§M§+ Cfgl\/l%,

L M= —sgCa(ME+MZ—27%?),
v+ —=(p+iay)
H1= 1 \/E 1 1

¢1

) M§3ZU(SBa)\+2CB)\ZUS),
MZ,=C5M2+S5M3,

¢; M§3ZU(CBa)\+ZSB)\2US),
H,= 1 .
2 vt E(‘ﬁz*"az)

1
M3=— U—(ts+sBcBaAv2)=m§+>\2 2 27
S

1 with the remaining elements related to these by symmetry.
S=vst+ —=(gstiay). (23)  As for theCP-odd case, the mass of a mostly singlet state is
V2 determined by the singlet soft mass.
Large values oMg help to increase the mass of the Higgs
After electroweak symmetry breaking, the real and imagi-states. This is most easily obtained w'nm§2<0 [see Eq.
nary parts of the singlet mix with those &f; andHJ to  (25)], which is a sufficient condition to guarantee the ab-
produce two neutral scalar states in addition to those of theence of spontaneo@P violation at tree level. We also note
MSSM. In all, the physical Higgs states consist of onethat the MSSM limit of the NMSSM is not possible in this
charged scalar, two neutr@P-odd scalars, and three neutral model. In this limit one takegv¢>v while holding v,
CP-even scalars. fixed, thereby decoupling the singlet states from the rest of
For the CP-odd scalars, the combinatio@’= —aiCz  the Higgs spectrum. As discussed in Sec. Il A, such large
+a,S; is absorbed by the® while the orthogonal linear values ofvg lead to an unacceptably light neutralino state.
combinationA°:a153+ a,Cz mixes with ag to give two  On the other hand, the decoupling limit of the nMSSM dis-
physical scalars. The mass matrix in ba#d,6.) is cussed in[15], |tg—ce, is still viable. Indeed, the upper
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bound on the lightest neutral Higgs boson mass, (E9). is IV. ELECTROWEAK BARYOGENESIS
saturated in this limit iM2— as well.

The precise LEP Il bounds on the Higgs boson masse
depend on the couplings of the Higgs bosons to the gau
bosons. These couplings tend to be weakened somewh
from mixing with the singlet. Let? S, O be the orthogonal
mixing matrices relating the gauge and mass eigenstates:

If electroweak baryogenesi€EWBG) is to generate the
Bresently observed baryon asymmetry, the electroweak phase
nsition must be strongly first order. In the most promising

SM scenario, this phase transition is dominated by a
light, mostly right-handed stof85]. Such a stop produces a
large contribution to the cubic term in the one-loop effective
potential that is responsible for making the phase transition

S b1 P, A0 first order. Even so, for Higgs boson masses above the LEP I
S | =05 ¢ |; ( ) =OP< ) (28 bound, there is only a very small region of parameter space
S, be P2 as in which the EW phase transition is strong enough for

EWBG to work[18,36|.
so The prospects for EWBG in the NMSSM are more prom-
ising. The NMSSM has an additional tree-level contribution
to the cubic term of the effective potential. This is sufficient
to make the electroweak phase transition strongly first order
without relying on the contribution of a light stdda9-23.
— Since the NMSSM has a similar cubic term in the tree-level
S77 gMz(CﬁOEﬁSﬁOEz)(ZM)ZSk: \[:/)vc;tltlantial, we expect EWBG to be possible in this model as
In this section we investigate the strength to the elec-
g S 3 2 troweak phase transition in the nMSSM in order to find out
SWW S Mw(€0 10+ 55012) (W) Sy whether a strongly first order transition is possible, and if so,
(290  try to map out the relevant region of parameter space. To
simplify our analysis, we neglect the contributions from sfer-
Also relevant are th&PZtype couplings mions other than the stops since these are generally very
small. We also fix the stop SUSY-breaking parameters to be

We label the mass eigenstates in order of increasing mass,
thatS; is the lightestCP-even state ané; the lightestCP-
odd state. In terms of these mixing matrices, 8M\/type
couplings are

g >
SPZ ?[Oepl(sﬁosl_Cﬁofz)]zﬂskaﬂpf- (30 m(233=m63=(500 GeVj?,

The couplings of the Higgs states to fermions and neutralinos ;=100 GeV.

are listed in Appendix C. _ ~__This choice of parameters leads to stops that are too heavy to
The LEP bound on the charged Higgs boson is given imaye a relevant impact on the strength of the first order phase
Ref. [31]. AssumingBR(H"—7"v)=1 this bound reads, {ransition. We have made this choice because it allows us to
approximately, emphasize the effects induced by terms in the tree-level ef-
fective potential that are not present in the MSSM. These
My=>90 GeV. (31)  effects turn out to be sufficient to make the phase transition
. strongly first order, even in the absence of light stops.
The bounds on th€P-odd Higgs bosons depend strongly on  while a strongly first order electroweak phase transition is
their coupling to the Z-gauge boson and ie-even scalars  necessary for EWBG to generate the observed baryon asym-
given in Eq.(30). If the lightestCP-odd Higgs bosonP;,  metry, based on previous analyses of the MSSM, it appears
has a large singlet component this coupling can become vempat this condition is also sufficieri87,38. In the MSSM,
Sma”, and the bound on this partide is much weaker than thﬂ']e generation of baryon number proceeds from @fe
LEP bound of about 90 GeV present in the MS§32]. This  vjolating interactions of the charginos with the Higgs field.
bound may be further weakened if the dedady—N;N; is  The dominant source dEP violation, leading to the baryon
allowed kinematically. If so, this mode tends to dominate theasymmetry, is proportional to the relative phase of ghand
decay width leading to a large fraction of invisible final the gaugino mass parametessg(uM,). The only differ-
states. ence in the model under study is that tpeparameter is
The same is true of the lighte§iP-even stateS;. The replaced by the quantity{\v), which is real, andCP vio-
limit found in [33] depends on the strength of t8&/Vcou- lation is induced by the phase of the gaugino masses. There-
pling relative to the corresponding standard model couplingfore, in the presence of a sufficiently strong first order phase
From Eq.(29) this relative factor ié,cBO f1+ sgO f2|, which  transition, we expect a result for the baryon asymmetry gen-
can be considerably smaller than unity if tBg state has a erated from the chargino currents similar to the one obtained
large singlet component. Again, the limit is further weakenedn the MSSM.

if the S;—N;N; channel is open, as this tends to dominate
the decay width below the gauge boson threshold. In this
case, the limit on invisible decay modes found 34] is the The finite temperature effective potential for the real
relevant one. Higgs scalars is

A. One-loop effective potential
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V(g , T)=Vo(@i) +Vi(ei, T) +Vyaisf( @i, T)+ - - -
(32

whereV, is the n-loop contribution, and the additional term,
Vyaisy, Will be discussed below. Alsap;, i=1,2s are the
classical field variables corresponding f, H2, and S.
(¢;=v; at the =0 minimum) The tree-level part is

22,2 2, 2 2 2
Vo(@i) =Mie1+ M5+ Mses+2Mi,e ¢r+ 2tses

2
g 2 2 2 2 2
+28, 05102+ 5 (01~ 02) N2 0l( @1+ ¢3)

PHYSICAL REVIEW Dr0, 035005 (2004

Note the cubic terma, ¢s¢1¢,, Which has no counterpart in
the MSSM. In theDR scheme, the one-loop contribution
reads

v1<<pi,T>=§ gbe<m§.T)+Z 9rfe(m?,T), (39)

whereb runs over bosong,runs over Weyl fermions, ang}
is the number of(on-shel) degrees of freedom. To a very
good approximation, the functiorfg, fr are given by 39]

+\2ples. (33
|
( 2 4 2
ol s Loy m Q
- —T+ == - - =2.
. 00T T M T 1oy (M)¥T Pl 2eT2)’ m/T=22, -
m-,T)= 5
® m* m?| 3 m |32 15
Inl —=|—=|—-|=—=| T ™M 1+—T/m+---|, m/T=22,
{ 642 Q? 2 27T 8
([ 77? 1 m* Q?
" Ay o2y [
720T + 28M T+ 64772|n(5FT2 , miT=1.9,
fe(m?,T)=
m | )3 i 3IZT“ w1 14 Py IT=1.9
6477an2 5 5T e g I/m+---], m/T=L19.
|
Here, ag=(4me €)%, ar=(me 7€)%, m? is the field- lows us to obtain analytic expressions for the critical tem-

dependent mass at zero temperature. We neglgcand
terms of higher order.

The third contribution to the potentia¥,qy;sy, is a finite-
temperature effeddQ]. At zero temperature, one-loop boson

perature,T., and the field VEV’s. If the cubic term plays a
dominant role in making the electroweak phase transition
first order, we expect this analysis to give a good qualitative
description of the transition.

self-energy diagrams which are quadratically divergent in the Our first simplifying assumption is that the ratio of the
UV also develop an IR divergence as the boson mass is takdigld values at the broken phase minimum remains constant

to zero. At finite-temperature, when<T the would-be IR
divergence is cut off by rather tharm leading to a thermal

contribution to the effective mass)?— m?=m2+ aT2. Re-

up to T.. That is, we fix tar8, and consider variations in
(pI\/(plz-l- (p22. To make the one-loop part of the potential
more manageable, we keep only the leadifd? terms in

summing the leading thermal contributions to bosonic selfthe low-temperature expansion, and include only the contri-

energies modifies the effective potential by the amount

1
Vdaisy: T 1o zb: gb(ag_ mg)w, (36)

butions of the gauge bosons and the top. Since the stops are
assumed to be heavy, the leading temperature-dependent
contribution comes from the top providedlies below the
perturbative bound\ <0.8. For larger values of the con-
tributions from the Higgs bosons, charginos, and neutralinos

where Eﬁ is the thermal mass. The sum includes gaugebecome important. We shall restrict ourselves to the pertur-
bosons, although only the longitudinal modes of these debative regime in the present analysis.

velop a thermal contribution to their mass at leading order.

In terms ofp, ¢, andB, the effective potential becomes

The field-dependent mass matrices relevant to our analysié=Vo+Vi. The tree-level part is

(including thermal correctionsare listed in Appendix A.

B. Tree-level analysis

Vo=MZe?+mpl+ 2tsps+ 20205+ N @2 o+ N 20,
(37

To better understand the effect of the new cubic term, we
have examined a simplified form of the potential which al-where we have defined
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m to a strongly first order phase transition fée) A
S below the perturbative boundb) general values
of N\ in the range 0.¥\<2.0. The region con-
Al sistent with the experimental constraints lies
within the area enclosed by the solid lines.
2 -
D
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1
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mg
M?=m2cog B+ masin’ B+ m3,sin 23, N (- O L
V(e T)=m (T)¢e"— ————+\%", (41)
~ _ M5+ A%
a=a,sinB cosg,
wherem?(T) = M2+ & (g?+ g%/2+ 2y?sitB) T2
- A? g° The critical temperaturél., and the VEV afl., ¢., are
2__ H . o 1C (o] (K]
\?= - siP2f+ = CoS2p. (38 defined by the two conditions
Within our approximation, the one-loop part is V(ge, To)=V(e=0.Tc), (42)
1 52 oV
2 . e =
Vi=g g%+ E+2ytstﬁ @?T2, (39) e,y

To find the minimization conditions, we shall make use ofSolving for ¢ and T, we find
the simple(quadrati¢ ¢ dependence and consider only the
field-space trajectoryV/deo,=0 along which the minimum , 1 ( 1] - Nt
msa— ——
S

_ | 2 =
of the potential is found. This condition allows us to elimi- ~ %c™ N2 ms -+ X
nate ¢4 in terms ofe giving

|

~ 2
e | BT 40 T§=8<F<¢§>—F<v2>>/ o+ 92+2y?sin2/3),
° m§+ )\Z(pz 43)
Inserting this back into the effective potential, we find where
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TABLE lll. Sample parameter sets exhibiting a strongly first order electroweak phase transition.

Set tanB A Vs a, tle M, M| & ®c Te Qh?
(GeV) (Gev) (GeV) (Gev) (GeVv) (GeV) (GeV)

A 1.70 0.619 -—384 373 157 923 245 0.14 120 125 0.102

199 0.676 —220 305 143 914 418 2.57 145 95 0.010

C 1.10 0.920 -276 386 140 514 462 2.38 145 130 0.104

~ As above, theB-ino mass is taken to bl ;=M,/2, and we
—2X\2¢2. fix the soft stop parameters to Im%3=m63=(500 GeVy,

(44) a,=100 GeV. The subtraction scale is set @2

= (150 GeVY. For each parameter set we calculate the mass
Both 2 and T2 must of course be positive if a solution is to SPectrum at zero temperature and impose the experimental
exist. Forg2>0, we need constraints described in Sec. lll. At this point we do not
impose any dark matter constraint other than the necessary
conditionmN1> 25 GeV. Since, for some parameter sets, the

: (45) one-loop correction can destabilize the potential in #he
direction, we also check that the minimum ag,(¢,,¢s)

The positivity of T2 requires thaf (¢2)>F(v?). Since in- = (v1,02,05) is a global minimum aff =0. Finally, we cal-

creasing the temperature tends to decrease the field VEV, thfd!late¢. andT using the full potential, wherg, is taken to

condition will be satisfied i (¢?) is a decreasing function be the temperature at which the symmetric and broken phase

which is the case provided minima are equal in depth, ang.= \/<p21+ (p22 is the broken

phase VEV at this temperature.

In this way we have found several parameter sets which
satisfy all the constraints listed above, and giye/T,
>0.9, which we take as our criterion for a strongly first
It is sufficient to demand that this hold fas=¢., which  order transitior35,41].% Let us define
gives

[ tetag? t.+agp?
F(¢?)=2a] | N2 =
mZ+\2¢?

m§+ )\Z(pz

N P
—mga

S

2
mea— —

2
5) <NA(mZ+2\2¢?)8, (46)

S

(48)

1 P
mg(mﬁ—x2t5)2<§|m§a—>\2t5|3. (47) AmMg

wherem?=—a lvs—tslvs—N?v? [see Eq.(10)], and
This is equivalent to the inequality in E¢45). Thus, Eq. ~ = S g ?_vlvdz_st SSJSD' v° L il i qd(t ) -

(45) is the necessary condition for a first order phase transi¢ 3NGA are detined in q(38). D is crucial in getermining
tion. To satisfy this equatiormg must not be too large. This whether or not a first order phase transition occurs. The sim-

. . plified analysis of Sec. IV B, Eq45) in particular, suggests
can be.also seen from E‘“‘-?l)* Wh.'Ch. hezls °2'y positive that|D|>1 is a necessary condition for a first order transi-
quadratic and quartic terms in the limi€p2<mZ.

tion. Figure 4 show® plotted againsimg for both A below
_ ) the perturbative bound, and for general values in the range
C. Numerical analysis 0.7<\<2.0. The region surrounded by the solid lines in this

The results of the previous section have been examinetigure corresponds to parameter sets consistent with the ex-

more carefully by means of a numerical investigation of theperimental constraints. This figure shows that among the pa-

one-loop effective potential. In this analysis, we considerrameter sets for which a strongly first order phase transition

only the dominant contributions which are those of the topoccurs, most satisfyD|>1. On the other hand, we also find

the stops, the gauge bosons, the Higgs bosons, the charginggrameter sets witfd|>1 that do not exhibit a strongly first

and the neutralinos. The corresponding field-dependent maggder phase transition, so this condition is not a sufficient

matrices, both at zero and finite temperature, are listed i@ne. The lowmg region in these plots is excluded since the

Appendix A. For the purpose of calculating thermal massespotential tends to become unstable in the singlet direction for

we assume that the remaining sfermions and the gluino argmall values of this quantity. This leads to the additional

heavy enough to be neglected. We find that a strongly firstequirement omgz(SO GeVYy.

order electroweak phase transition is possible within the The critical temperature for the phase transition generally

NMSSM. falls in the rangeT,=100-150 GeV. Table Ill shows the
The procedure we use goes as follows: To begin, wearameter values and transition temperatures for three of the

specify the values of &, vs, a,, ts, Ma, N, [My], ¢),

whereM,=|M,|e'? is the complexW-ino soft mass. These

are chosen randomly from the initial ranges listed in Table II. *This corresponds te./T.>1.3 for ¢ normalized to 246 GeV.
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o1 b FIG. 5. Neutralino relic density as a function
“F of mass for two values of the mixing parameter,
- [IN1g2—|N14?=0.1 (dotted, 0.5 (dashell and
0.01 £ typical values of the Higgs mixing parameters.
L The region to the right of the thick solid line is
0.001 F consistent with the observed width. The scat-
: tered points correspond to parameter sets that
0.0001 - give a strongly first order phase transition, and
I are consistent with perturbative unification.
le-05
1
m g

successful parameter sets. The particle spectra correspondilightest Higgs states, they also tend to make EWBG less
to these are listed in Appendix C. Parameter getsnd B, efficient[36—38. Even so, EWBG is still able to account for
with |D|= 1, both satisfy the perturbative bound whiz  the baryon asymmetry provided tass 2, as we tend to find
for which D=6.7, exceeds it. here[36].

SetsA and B are typical of the(perturbativeé parameter
sets that give a strong phase transition. As we found in Sec.
[Il A, the constraints in the chargino-neutralino sector, along V. NEUTRALINO DARK MATTER
with perturbative consistency, forca ~0.5-0.8, taB : S
~1.5-5, andv~ 150500 GeV. For a given,, the val- As discussed above, the LSP in this mo@fel \ below
ues of a, and t; must then be adjusted so thamg th_e perturbative bounds always the lightest n_eutralinbl_l, _
= (50 GeVY (Eq. (10)) and|D|=1 [Eq. (48)] if the poten- with a mass b(_alow about 60 GeV and a sgeable singlino
tial is to be stable and the transition is to be strongly firstc@MPonent. This can be dangerous since a light, stable par-
order. These quantities are further constrained by the Higglicle With very weak gauge couplings may produce a relic
sector. We find that these requirements may be satisfied féfensity much larger than is consistent with the observed cos-
a,~300-600 GeV andts~(50-200 GeV§. An upper mology. On the other hand, if thd, is able to annihilate
bound on the value afy is obtained, that is about 200 GeV. sufficiently well, this state makes a good dark matter candi-
This bound arises from the phenomenological constraintdate[42].
and, most importantly, due to the dependence of the param- For values of tai8 and\ consistent with the perturbative
eter D on mg, Eq. (48), from the condition|D|=1. This limit, the LSP tends to be mostly singlino, but has a sizeable
bound onm, has important consequences for Higgs physicsHiggsino component. Sinaey <60 GeV, s-channel® ex-
as we will describe in Sec. VI. change is the dominant annihilation mode. There are also

The value ofM,, instead, does not appear to have muchcontributions from s-chann€&P-even andCP-odd Higgs bo-
effect on the phase transition, but tends to be fairly largeson exchanges generated by if&H, - H, term in the super-
M,=400 GeV, due to the Higgs boson mass constraintspotential, although these tend to be very small except near
While large values oM, help to increase the masses of thethe corresponding mass poles. Since we have assumed that

10 ) T T T T T T T T
, IF
Qh X . , : .
o1 b FIG. 6. Neutralino relic density as a function
“F of mass for two values of the mixing parameter,
- [IN13g%2—|N14?|=0.1 (dotted, 0.5 (dashedl and
0.01 ¢ typical values of the Higgs mixing parameters.
L The region to the right of the thick solid line is
0.001 F consistent with the observed width. The scat-
: tered points correspond to parameter sets which
0.0001 - give a strongly first order phase transition with
r 0.7<A<1.2.
1e-05
m y
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all sfermions are heavy, we consider only these two channelwhereg=2 is the number of degrees of freedom of the neu-
in our analysis. The relevant couplings are listed in Appendixralino, Os g is the total number of relativistic degrees of free-

[43].) Let us stress that coannihilation between the lightesto, poth g, andg, ), andMp, is the Planck mass. The relic
neutralino and the other chargino and neutralino states is n%t S

important, since for the parameter sets consistent with ensity is then given by
EWBG and the perturbative bound, the NLSP is always at
least 15%(and almost always more than 25%eavier than (1.07x10° GeV ' Y) [ (=  (ov)(x) -1
the LSP, implying that the coannihilation contribution is  Qh?= v (J x—= i’2>
Boltzmann-suppressed. PI Xf X

The LSP mass range of interest lies near the Z-pole mak- (52)
ing the annihilation cross section a rapidly varying function

of the mass. Since this can cause problems for the non- Figyres 5 and 6 show the relic densities obtained for pa-
relativistic expansion commonly used to calculate the therrameter sets that satisfy the abovementioned experimental
mal average of the cross sectip#t], we have instead fol-  constraints, and are consistent with EWBG. A relic density
lowed the methods described [@5] to do the thermal ¢onsistent with the observed dark matter is obtained for neu-

average. This gives tralino masses in the rangey, =30-40 GeV. For neu-
. tralino masses greater than this, it appears to be difficult to
<Uv>zf dsys— 4M2WK, (/s/T)/16M*TK(M/T), generate a sufficiently large relic density to account f_o_r the
am? (49) dark matter. If we allow\ to exceed the perturbativity

bound, a realistic dark matter candidate may be obtained for

. . . neutralino masses above about 65 GeV.
whereM =my_ is the neutralino mass, T is the temperature,

sis the usual Mandelstam parametef,andK, are modified

The region of parameter space consistent with EWBG,
T po— M2, neutralino dark matter, and the experimental bounds is quite
p1+P2— 2 pf>| |

Bessel functions, and the quantity W is defined to be VI. PHENOMENOLOGICAL DISCUSSION
constrained, and leads to an interesting phenomenology. We
(50 shall focus on values of tgh and \ that satisfy the pertur-

d3py
w- [ Lo
f (27T) 2Ef
bativity bound.

where | M|? is the squared matrix element averaged over The dark matter condition implies that the LSP of the
initial states, and summed over final states. model is the lightest neutralino with a mass in the range
To find the relic density we have solved the correspondingny, =30-40 GeV, and is mostly singlino. For smaller val-
Boltzmann equation using the approximation method deyes of|M,|, the next-to-lightest neutralino is predominantly
scribed in[46]. The ratio of mass to freeze out temperature,hino. Otherwise it is a mostly Higgsino state. In both cases,

(2m)*s™

X;=M/Ty, is given by the solution to there are always two mostly Higgsino states with masses of
order |\v¢|=350 GeV. The bound on the Higgsino masses
0.0389/9;%)MMp (o) (%) comes from the bound dm| found in Sec. Il A. This bound
X;=In 7 , (52 also implies that the lightest chargino state has a mass below
X this value.
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FIG. 8. Composition of the two lightP-even
Higgs bosons for typical parameter values consis-
tent with EWBG. The solid lines correspond to
the components o8,, OF, while the dotted
lines are those oB,, O3, for i=1,2S. The
composition of theP, state is not shown because
it is almost pure singlet.

tan

In the Higgs sector, sinckl, tends to be fairly large, on€P-even Higgs state, on€P-odd Higgs state, and the charged
Higgs end up with large masses of ordég . The remainingCP-odd state is relatively light, and is nearly a pure singlet. For
M,— o, the tree-level mass of this state goegdee Eq.(24)]

Mp— /= (tsF a,02S4C5) [vs= VME+ N 202, (53

which is less than 250 GeV for the valuestgf v, anda, consistent with EWBG, as may be seen from Fig. 4.
The remaining twdCP-even states also tend to be fairly light. In thie,— oo limit, the effective tree-level mass matrix for
these states becomes

, M2cog2B+\%v?si28  v(aysin 28+ 2\%v)

= . 54
S12 v(a,sin28+2 %)  —(ts+awsucp)lvs 4

Among the parameter ranges consistent with EWBG, the off EWBG? This is somewhat larger than the corresponding
diagonal element of this matrix can be of the same order aBISSM limit of about 120 Ge\[8], and is the result of the
the diagonal elements which leads to a strong mixing beadditional terms in the tree-level potential. These lead to a
tween the gauge eigenstates. However, too much mixing cdarger Higgs quartic coupling than in the MSSM, which sets
produce an unacceptably light mass eigenstate, in conflidhe scale of the lightest SM-lik€P-even state, while still
with the LEP bound$33,34]. To avoid this, the two terms in a}llowing for a strongly first order electroweak phase transi-
the off-diagonal matrix element must cancel to some extent!on- -

If a,=—2\2v./sin28, the cancellation is exact, and the F|gL_Jres 7_ and 8 sh_ow th_e mass and composmon_of the
mixing goes to zero. The mass eigenstates then consist of ﬂigree light Higgs statesncluding the one-loop contributions
SM-Higgs-like linear combination (c<;(§-|2+sinﬁH‘2’) with a rom the top and the stop$or the representative parameter

) ; values M,=900 GeV, t,=(150 GeV)y, v,=—300 GeV,
tree-level mass be'OVY 115 GeV, and a singlet state that I§x=350 GeV, and =0.7. These values are typical of those
degenerate with the lighte€tP-odd state. In general these consistent with the constraints and EWBG. The maximum of

states do mix, but since the mixing is limited by the Higgsy,o mags of the lightesEP-even state occurs when the off-

boson mass constraint, one state remains predominantly S'\éﬁagonal term in Eq(54) vanishes; sin8=—2\%./a, . The

like while the other is mostly singlet. For2f|n|tMa, the  gplitting between thé, andS, states at this point is due to

corrections to this picture are of ordafv?/My. the finite value oM. As tang varies away from the maxi-
The mass of the SM-Iik€P-even state is increased sig- mum point, the mixing between th&P-even Higgs boson

nificantly by the one-loop corrections from the top and thestates increases and, for the specific parameters chosen in

stops. Formg=m{=500 GeV, a,;=100 GeV, as used in

our analysis, we find that the mass of the lightest Higgs

boson can be as large as 130 GeV, and still be consistent witHfWe do not expect two-loop corrections to significantly alter this

result for the set of stop parameters used here.
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Fig. 7, values of ta=2.5 are excluded by the current consistent with all current experimental constraints, does not

Higgs boson mass bounds obtained by the LEP experimengiffer from the usual domain wall problem of the NMSSM,
[33,34. and leads to the stability of the proton and a neutralino LSP
The discovery of these light states is more challengingPver cosmological times.
than the MSSM case for two reasons. First, all three can have We have shown that a strongly first order electroweak
sizeable singlet components which reduce their couplings tghase transition, necessary to preserve the baryon asymmetry
the gauge bosons and quarks, and therefore their productigiioduced by electroweak baryogenesis, may be naturally ob-
cross sections. Second, these states can decay invisibly int@ined within this model. The strength of the phase transition
pairs of the neutralino LSP. Fo€P-even Higgs boson is largely determined by terms in the tree-level NMSSM sca-
masses below the weak gauge boson production threshol@r potential. This differs from the MSSM, in which one-loop
this mode dominates the decay widtBR(S—N,N,)  corrections from a light stop are needed to make the transi-

~0.60-0.95 for the SM-like statBR(S—N,N,)=1 for o0 first order.

: We have also shown that, if perturbative consistency is
the mostly singlet state. However, fo_r masses alioveeay required to hold up to the GUT scale, the LSP of the model
the threshold, weak gauge boson final states become donﬁ’n the absence of a light gravitinds always the lightest

nant unless the Higgs boson is a nearly pure singlet state. neutralino, and has a mass below about 60 GeV. This state

Previous stud|_es .|n.d|cate tha_t the most promising dISCOVbrovides a viable dark matter candidate for neutralino masses
ery mode for an invisibly decayinGP-even Higgs boson at

i ) in the range 30—40 GeV. Furthermore, we find that it is pos-
the LHC is vector boson fusiofVBF) [47-50. In Ref. [49]. sible to achieve simultaneously both a realistic neutralino

the authors find that, from the invisible modes alone, Higgs. .: : : "
elic density and a strongly first order phase transition.
boson masses up o 150 GeV can be excluded at 95% C'S[' In the region of parameters consistent with both require-

. 71 . . . .
with 10 fb™* of integrated luminosity provided;=0.35, ments, there are always at least two ligt®-even and one

where light CP-odd Higgs bosons. These can decay invisibly into
+(VBE) neutralinos providing an interesting modification to the stan-
= iny) ——— 7 —— dard Higgs physics processes.
n=BR(h—inv) o (VBF)ey (55)
If we treat these limits as being due only to statistical uncer- ACKNOWLEDGMENTS

tainty and rescale them by luminosity, we obtain ) ;
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where Lgg0, and L5, are the luminosities needed for a 95%

C.L. exclusion and a & discovery respectively. For the SM- APPENDIX A: FIELD-DEPENDENT MASSES

like CP-even state, we fingg=0.5—0.9 among the parameter ) ] ]

sets consistent with EWBG. This implies that, from the in- In this section we collect the field and temperature depen-
visible channels alone, less than about 5 ¥of integrated dent mass matrices for those particles relevant to the analysis
luminosity is needed to exclude this state at 95% C.L., whild" Sec. IV. The leading thermal mass corrections were calcu-
10-30 b ! is sufficient for a % discovery. Similarly, we lated following [51] for vanlshlng background f|elq values;
find 7=0-0.35 for the mostly singleCP-even state if the ¥1= ®2=¢s=0. Ignoring the singlet background is reason-

mass lies below the gauge boson threshold. Thus, at lea@p!€ here since, in the parameter space of interest, the singlet
10 fb~L is needed for a 95% C.L. exclusion and 65 ¥for  VEV is closely related to the other Higgs VEV's. To leading

a 50 discovery using the invisible modes. On the other hand®'der, only bosons receive thermal mass corrections. These
if this state has a mass above the gauge boson threshold, th@Me from quadratically divergefit T=0) loops containing
Higgs component is usually large enough that gauge bosoparticles which are light compared .to the temperatume;
final states completely dominate the branching ratio. Lastly=27 T for bosons anan= T for fermions. For the purpose
the light CP-odd state is nearly pure singlet and tends to?f calculating thermal masses we have taken the Higgs

decay invisibly, making it extremely difficult to observe. ~ P0SOns, Higgsinos, electroweak gauginos, and the SM par-
ticles to be light, while treating the rest of the particles in the

spectrum as heavy. We do not expect that a different choice
of spectrum would change our phase transition results since

The origin of the matter-antimatter asymmetry and thethe first order nature of the transition is determined by the
source of the dark matter are two of the most important quesree-level potential rather than the cubic one-loop teriysin
tions at the interface of particle physics and cosmology. In
this article, we have investigated these questions within a
next-to-minimal supersymmetric extension of the standard
model. The nMSSM model, which elegantly solves tle At leading order, only the longitudinal components of the
problem by adding a gauge singlet superfield, appears to bgauge bosons receive thermal corrections. The masses are

VIl. CONCLUSIONS

1. Gauge bosons
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2 L1, o

Mw=59 (@1t @3) +11y=,
1, 2, 2 1 5

797 (et @) tllws  —599'(¢1F ¢2)

1 2 2 2 1 12 2 2 ,
_599(901""902) Eg (p1t+¢3) +11g

(A1)

wherell;=0 for the transverse modes, and

PHYSICAL REVIEW Dr0, 035005 (2004

5
Hwi = Engz,

(A2)

for the longitudinal modes.

2. Tops and stops

2_.,2 2
my =Yy ¢35,

1
2 2
ma+me+ 5

AP T A@spq

where

1
’ 2T2 + gytzTZ!

1 5 5
~ — 212 212
TSNS T 7S

(A4)
1 5 1
= 30T+ 570 TP+ (T

3. Higgs bosons
The CP-even mass matrix elements are

2
g
MG =mi+ A\ (o3+@d)+ Z(3<Pi— ©3) +1y,

2

2 2 g
M512:m12+2€01(P2 )\Z_Z +a, es,

M;s: a, @2+ 2\ %01 ¢,
(A5)

2
g
ME, =m3+ 2\ (@f+ 2+ 7 (3¢5~ 1) + 11y,

Mézf a, o1+ 2\ 20,0,
MG =mi+\*(pi+ed) +11g,

where the leading thermal corrections are

1
?- 59’2)(<P§—<P§)+HT

APt Noseq

1 : (A3)
mg+mi+ 39" (@1—03) + 115,

1 3 1
Hle §g/2-|-2_’_ §ng2+ 1_2)\21-2,

1 3 1 1
— 2’2724 2 g2T12 2124 22
HHz_gg T+89T+12)\T+4yt,

(AB)

1
HS: g)\sz.

For theCP-odd states we have

2
g
Mp =mi+AA (g5 + )~ 7 (95— D)+ 11y,

2 _ 2
MPlZ_ - mlz_ a)\(ps,

M|2313: —a\ 2,
(A7)

2
g
M, =mi+AA @1+ @)+ 7 (95— D) +11y,,

2 _
MPZS_ — a1,

MZ

2 2 2
Py mg+ )\Z(gol-l— ¢5)+11g,

where the thermal corrections are as above.
The charged Higgs boson mass matrix is
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2 2

2 9 g
My =it N20T= (03— 9D + 5 @3ty

where (4//?)=(IE-;°T/\_'/°,T—I‘°T—I‘%~S). Similarly, as in Eq.(28)
we define the orthogonal matricés®> and©" by

g° S é1 0
Mi= (- S owprmiae. o) o -of w]i [Z)-of¥). e
S3 bs )

2 2

2 _ 2,22, 9 5 5 9 5
MHziz_ Mot A5t 3 (p2= D)+ 2 o1t 1y, 1. Neutralino couplings
ZNN [1]:
4. Charginos and neutralinos

The chargino mass matrix reads EZNszZMﬁi y(ONPL—ON PRIN; (B3)
W

0o Xt h
L= where
M=y o (A9)
N 1 * *
where Oij=5 (NiaNjz—NigNj3). (B4)
_ Mz g¢2 (A10) For the Higgs-neutralino couplings we consider only the
g1 —Aeg) contribution from thexSH;-H, term in the superpotential.
We therefore neglect the contribution due to mixing with the
For the neutralinos we have gauginos.
SNN:
M,
M N = ~
0 : Lowr — SMAIPUAAPRR, (@9
I TP
My = V2 ! V2 ! : where
9, -, e 0 - A= 0RQI+ O GQ+0%QT,
V2 V2
1
0 0 Apz Aep O QﬁbZE(Ni*a b T NHNG).

(A11)

We have takeM ;=M ,/2 and have allowe!, to be com-  Af is related toA¥ by the replacemeril’ —N;; .
plex in our analysis. PNN:

. N = ~
APPENDIX B: HIGGS AND NEUTRALINO COUPLINGS Lonn=—1 ESkNi(Eh' P - Bikj PR)Nj , (B6)
We list here the Higgs and neutralino couplings relevant
to our analysis. All fermions are written in terms of four- \\ hare
component spinors to facilitate the derivation of the Feyn-
i i i k _ P ~45 P ~35 P ~34
manb;ules. As above, E@18), we define the unitary matrix B =550 QP+ c,0 L QT+ 0 F,Q%.
i]
- 0 As with Aikj , gh is related toB:j- by the replacemenu\li’}
N;=N;; ¢ (B1) —N;.

TABLE IV. Higgs scalar masses.

Set S S S, P, P, H*
(GeV) (GeV) (GeV) (GeV) (GeV) (GeV)
A 115 158 925 135 927 922
116 182 914 164 917 911
C 121 219 504 115 534 498
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TABLE V. Neutralino and chargino masses.

set N, N, N, N, Ny Xi X2
(Gev)  (GeV)  (GeV)  (GeV)  (GeV)  (GeV)  (GeV)

A 33.3 107 181 278 324 165 320
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 N1 IN1J| N4 IN14 IN1| 0% 0% 0% 0h 05,
A 0.13 0.10 0.11 0.37 0.91 0.46 0.74 —-0.50 0.08 0.99

0.07 0.07 0.16 0.52 0.84 0.42 0.80 —0.44 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

Finally we note that in converting these couplings intothan the charged mode, and the analysis with intermediate
Feynman rules, one must insert an additional factor of twaneutralCP-odd states is analogous. We will also assume that
since the neutralinos are written as Majorana spifibls each of the neutral Higgs bosons subsequently decays into

bb. With these assumptions, we find
2. Higgs couplings

The relevant couplings of the Higgs scalars to the gauge

bosons are given in Sec. Il B above. We list here the cou- T'(N;—vbbbb)
plings of the Higgs boson to the third generation quarks. . yéINIg,O ;SsojszoinfHZ (@) 11
Sff: 2(47%)* AZm?, 5

1 o 1 - (B9)
Lsi=— Eyboaskbb— Eytofzsktt. (B7)

- whereA is the cutoff scalemy is the Higgs boson mass in
Pff: the intermediate propagators, and we have set all final state
momenta tamy/5. Setting the mixing factor to unity, taking
i my /my~1 and tanB=2, and demanding thdt<H,, we

i — _
Leii=——=YpS0 1 Pby’b+ —=y,c,0F Pt yot. find
pff \/Eyb,B k1P KkPY \/EYI/; kiFktY
(B8)
- \3
The couplings of the Higgs states to the other matter fermi- A22< M ) 107 Ge\2 (B10)
ons follow the same pattern. GeV

3. LSP lifetime

o , _ _ which translates into\ =3x 10 GeV for my=100 GeV.
Having listed the Higgs-neutralino couplings, we may

now present an estimate for the lifetime of the LSP inZ@e
symmetric scenario. This symmetry allows the 5 operator
SSH,L in the superpotential, which can lead to the decay of o _
the neutralino LSP. This operator generates a coupling which We list in Table IV the Higgs boson mass spectra for the
allows the neutralino to decay into a neutrino and a pair osample parameter sets A, B, and C listed in Table III. Table V
off-shell neutral Higgs scalars, or an electron, a neutrafhows the neutralino and chargino masses for these param-
Higgs scalar, and a charged Higgs scalar. We shall focus of{er sets, while Table VI displays the composition of the
the first mode with intermediate neut@P-even states and a lightest neutralinoN;, the lightestCP-even Higgs boson,
mostly singlino LSP. This gives a more stringent constraintS;, and the lightes€P-odd Higgs bosonP;.

APPENDIX C: SAMPLE MASS SPECTRA
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