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ABSTRACT: The addition of non-renormalizable terms involving the Higgs fields to the
MSSM (BMSSM) ameliorates the little hierarchy problem of the MSSM. We analyze in
detail the two main cosmological issues affected by the BMSSM: dark matter and baryo-
genesis. The regions for which the relic abundance of the LSP is consistent with WMAP
and collider constraints are identified, showing that the bulk region and other previously
excluded regions are now permitted. Requiring vacuum stability limits the allowed regions.
Based on a two-loop finite temperature effective potential analysis, we show that the elec-
troweak phase transition can be sufficiently first order in regions that for the MSSM are
incompatible with the LEP Higgs mass bound, including parameter values of tan g < 5,
mg, > myg, mg < TeV.
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1 Introduction

The smallness of the quartic Higgs coupling in the framework of the minimal supersym-
metric standard model (MSSM) poses a problem. The tree level bound on the Higgs mass
is violated, and large enough loop corrections to satisfy the lower bound on the Higgs mass
suggest that the stop sector has rather peculiar features: at least one of the stop mass
eigenstates should be rather heavy and/or left-right-stop mixing should be substantial.

The situation is different if the quartic Higgs couplings are affected by new physics. If
the new physics appears at an energy scale that is somewhat higher than the electroweak
breaking scale, then its effects can be parameterized by non-renormalizable terms. The
leading non-renormalizable terms that modify the quartic couplings are [1-7]:

WpMssm = ﬁ(lqullld)2 + ﬁz(Hqu)Z, (1.1)
M M

where Z is a SUSY-breaking spurion:

Z = 92msusy. (1.2)

The first term in eq. (1.1) is supersymmetric, while the second breaks supersymmetry
(SUSY). In the scalar potential, the following quartic terms are generated:

2e\H, Hy(HH, + H Hy) + ex(H, Hy)?, (1.3)



where o N
m
€1 = u, €2 = —%ﬂ. (1.4)

The interplay between the Higgs sector, the stop sector, and the non-renormalizable
(NR) operators has interesting consequences for the MSSM baryogenesis [8]. The window
for MSSM baryogenesis is extended and, most important, can be made significantly more
natural. In addition, these operators have implications for yet another cosmological issue,
and that is dark matter [9]. In this work we present an extended analysis of the results for
both the electroweak phase transition and the dark matter relic abundance in the BMSSM.

One of the attractive features of the MSSM is the fact that the lightest R-parity-odd
particle (LSP) is a natural candidate for being the dark matter particle. Progress in experi-
mentally constraining the MSSM parameter space restricts, however, the regions where the
dark matter is quantitatively accounted for to rather special regions of the MSSM: the focus
point region, with surprisingly heavy sfermions; the funnel region, where the mass of the
CP-odd neutral Higgs scalar is very close to twice the mass of the LSP; the co-annihilation
region, where the mass of the scalar partner of the right-handed tau is very close to the
mass of the LSP; and the bulk region, where the bino-LLSP and the sleptons are light.

The effects of the NR operators are potentially important for two of these four re-
gions. First, these operators give rise to a new Higgs-Higgs-higgsino-higgsino interac-
tion Lagrangian,

€1

N 2(Hqu)(ﬁquId)+2(ﬁqu)(Huﬁd) + (Huﬁd)(Huﬁd)+(ﬁqu)(ﬁqu) +h.c.,
(1.5)

which contributes to the annihilation process of two higgsinos to two Higgs particles. This
effect is relevant when the dark matter particle has a significant component of higgsinos, as
is the case in the focus point region. Second, as mentioned above, these operators modify
the relation between the light Higgs mass and the stop masses. This effect can be im-
portant in the bulk region within models where the slepton and stop masses are related,
such as the mSUGRA models. In this work, we will study these effects and assess their
quantitative significance.

The plan of this paper is as follows. In section 2 we present the BMSSM spectra of
the Higgs, neutralino and chargino sectors, and the implications for the stop spectrum.
In section 3 we describe the BMSSM modifications to the annihilation cross sections that
are relevant to the dark matter relic abundance. In section 4 we analyze the implications
of the BMSSM operators for dark matter, while in section 5 we explore the parameter
space where the electroweak phase transition (EWPT) is strongly first order, as required
for successful baryogenesis. We summarize our conclusions in section 6.

2 The spectrum

2.1 The Higgs sector and light stops
We define the scalar Higgs components by

HO O1+Har+iHg;
d 0 n
d H,



H; HF
u V2

The VEVs of these Higgs fields are parameterized by

(HY) = ¢1/V2, (HO) = ¢2/V2,

tan 3 = [@2/ 1], v=1/(¢? + ¢3)/2 ~ 174 GeV. (2.2)

To leading order, the two charged and four neutral Higgs mass eigenstates are related to
the interaction eigenstates via

HC’;JF _ [sg—cg\ (H"

HY ] \cs sp Gt )’

Hg\  (s3 —cp A

() = () )
GEE e

where cg = cos 3, s3g = sinf, and similarly for . Within the MSSM (without the ¢;
operators), the angle « is given by (at tree level)

2 2
my +m
Son = — AT (2.4)
my —my

If the €12 couplings are complex, then the four neutral mass eigenstates are related by a
4 x 4 transformation matrix to the real and imaginary components of Hg and H?. The
analysis of dark matter is, however, unaffected at leading order, so we neglect such effects
here. In the unitary gauge, the Goldstone fields G* and GO are set to zero.

Taking mz, m4 and tan § as input parameters, we obtain the following €;-corrections
to the Higgs spectrum:

2e1,(m% + m%)sas + €ar (M —m7)c3g

\/(m?4 —m2)? + 4m?4m2zsgﬁ

5Em;21 = 202 | €9, — 2€1,528 —

21, (Mm% + m%)sas + €ar (M —m7)c3g
o~ R+

5€m?{i = 20%€y,. (2.5)

5em%{ =202 | e — 2€1,503 +

The angle « is shifted from its MSSM value:

—(m? +m%)sap + 40%ey,
S92 — 2 2 (26)
(M3 —mp)s2p
(m% +m5)sa 2 5 2e1,(mi —m%)® — ersap(my —my)
= —dviey 1 2.3 113/2
(m% — 2m5mycag +m7)

(my — 2m3mcap +miy)1/2




The possibility of a light Higgs scalar hidden in the LEP data is not excluded (see
e.g. [10]) and, in fact, may have interesting implications for DM [11]. This scenario relies
upon sizable mixing in the Higgs mass matrix, such that production via eTe™ — Zh is
suppressed. Hence the mass splitting in the scalar Higgs sector must be rather small. A light
Higgs sector is an interesting possibility also within the BMSSM, following the impact of the
non-renormalizable operators on the mixing angles, captured to leading order in eq. (2.6).
An extreme example for this possibility was presented in [6], in which the electroweak
symmetry breaking vacuum is controlled by the non-renormalizable operators.

In the present work, we limit our attention to the more conservative situation wherein
the non-renormalizable operators can still be treated as perturbations in the usual elec-
troweak breaking vacuum of the MSSM. We allow for significant splitting between the
heavy and light Higgs mass eigenstates, in which case the constraint that arises from the
LEP bound on the light Higgs mass can be written as follows:

mi mi(tree) + 6;m3 + demi 2, (114 GreV)27 (2.7)
where
3m? mg m;
5 2 _ t 1 t1 o
= 2 < m?
2 2 2 2
N 3mi  |Xil? | (™ L1 DT L A L
Am202 m2 — m?2 m2 2m2 —m?2 m2 —m?2 m2 ’
t1 to to t1 to t1 to to
Xy = Ay + p* cot 3. (2.8)

The 5Em%l contribution relaxes the constraints on 5tm%l in a significant way. In fact,
&m3 < 0 is not excluded (in this respect we disagree with the conclusions of [7]). Thus,
for e; < —0.05 and tan 5 < 10, the two stop mass eigenstates can be as light as the top

quark, or one could be as light as the direct experimental lower bound with the other only

slightly heavier than the top.

2.2 Neutralinos

The neutralino mass matrix is given by

M, 0 —MmzSwecg MzSwSg 00 0 O
0 Mg mzcwcg —MzCywysg 461m%[/ 00 O 0
Mg = ) 9 (2.9)
—MzSweg MzCwCa 0 — weg 00 S5 S28
Mmzswsp —MzCwsp — K 0 00 5243 C%
The transition to the neutralino mass basis is obtained with a unitary matrix Z:
T 5.
Mg = 2" diag(mg ,mg,,mg, . mg,) Z. (2.10)
The gaugino fraction in the LSP is defined as
R5 = |Zuf’ + | Z1of, (2.11)

while the higgsino fraction is given by 1 — Ry = [Z13|* + | Z14%.



2.3 Charginos
The chargino mass matrix is given by

M. 2 2em?
M = > V2mwsg)  2amiysys (00 (2.12)
V2mpeg % w*g? 01

The transition to the neutralino mass basis is obtained with unitary matrices V and U:

Mg = UT diag(mg, ,mg,) V. (2.13)

3 Annihilation cross sections

The effects of the BMSSM operators on (co)annihilation cross sections are relevant to the
dark matter issue when the LSP has a significant component of higgsino, namely 1—-R;5 &« 1.
These effects come in two ways. First, there is an indirect effect, due to the modification
of the neutralino and chargino spectra. Since co-annihilation rates are very sensitive to
mass splittings, this is often the more important effect. Second, there is a direct effect of
the new e;-dependent couplings which modify the (co)annihilation processes that involve
Higgs scalars as mediators and/or as final states. In this section, we focus on the latter
effect. In section 4 we analyze numerically the DM relic abundance in the BMSSM, taking
into account all effects.

3.1 Single scalar
We consider terms of the form
Cs¢NN;  CyoNCT,  ¢=hH A H . (3.1)

We denote the MSSM couplings by Cg and define the modification that is induced by the
€1 terms as follows:

Cp=CY(1 = bcy). (3.2)

As concerns the emission of a single neutral scalar in the annihilation of two neutralino
LSPs, we obtain the following d.4’s:

2\/5)\’{1) —CBSaZﬁ + SgCaZio) + 26(a+5)213Z14

Oeh, = X , 3.3
o gM (Z12 — tan Ow Z11)(saZ13 + caZ14) (3:3)

o — 2v/2\5v y caCaZly + 8350l + 28(ayp) 213214 (3.4)
o gM (Z12 — tanbw Z11)(—caZi3 + $aZ14)’ '

54— V2\5 s98(Z3y + Z3) + 4Z13 714 5

X .
gM (Z12 — tan HWZH)(SBZL? — 65214)

As concerns the emission of a single charged scalar in the co-annihilation of the neu-
tralino LSP with the lightest chargino, we obtain the following d, - ’s:

5 _ 2\ y Uia(cgZia + 53 Z13) (3.6)
HTR T g M tan § Ui1Z13 — %Uu(zu + tan Oy Z11)’

5 _ 2Mvtan 3 Via(cgZ14 + s3Z13) 3.7

eH-L = M Vg 1.7 07 (3.7)
g Vi1Zia + \/§V12( 12 + tan Oy Z11)



The R and L sub-indices correspond to Pgr and P, which project a Dirac higgsino onto the
lower and upper Weyl fermion, respectively. Thus, Cy- g is the coupling of the H -N PRéJr
term, while C,_, is the coupling of the H “NP,C™ term.

To get some intuition about the expected size of the correction to the MSSM annihila-

tion cross section, we can estimate from the above expressions that the relative size of the

5TeV [1— R;\Y?
~ 0.1 A ) .
r~ 0 (M/A1>< 01 > (3.8)

Thus, if there is a new physics threshold at around 5TeV, and the higgsino component in

correction, k:

the LSP is of order ten percent, then the correction to the annihilation cross section is of
order ten percent. To make contact with the scalar spectrum, it is also useful to represent

eq. (3.8) in terms of €; and p,

K~ 0.6 <m7w> (06—11> (1 gfx)lﬂ_ (3.9)

As the new physics threshold scales like ~ p /€1, it is difficult to envisage a phenomenolog-

ically acceptable scenario exhibiting p ~ myy simultaneously with €; ~ 0.1. Hence some
suppression is to be expected from the combination of mass and e factors in (3.9). This
implies that the BMSSM modification to the relevant MSSM annihilation processes is at

most of O(10%) in generic cases.

3.2 Two scalars

We consider terms of the form

Ni(yap + ey ) N1, (3.10)

where y,;, has mass dimension of —1. Keeping only potential s- and p-wave contributions,
we obtain for the annihilation cross section into ¢, ¢y:

BfCQbqu, 4 02 3
T TRy ine YT (2 D0 2
7 T S [(yab) *t3 ((yab) + 5 (Yan) )} (3.11)

where my is the LSP mass, ¢ = 2(1 4 d4p), S is the center-of-mass energy squared,

S~ dm% (1+0%/4), (3.12)
and
_ 2|9 _ 2 2 2
e @13
VS my my

In terms of the Lagrangian parameters, we have

r 1 * 7 1 * —
yry = —2—7?,6 NYaw), vy = —Q—Im (NiYap), Gay = hh, HH, AA hH,H"H

r 1 * 7 1 *
Yoy = 2—Im NYw), vy = —2—7?,6 (ANYaw), @aty = RA, HA. (3.14)



The dimensionless Yy, couplings are given by

Yin = 8222, + A 7% — 2590714713,
Yun = AZ% + s2 2% + 2500214713,
Yaa = —s5324 — 3253 — 2593714713,
Vi = soa(—Z3 + Z13) + 4caaZ14 213,
Yia = 25083274 — 2¢ac3 215 + 48 (a—p) Z14713,
Yua = —QCQSBZﬂ — 23acﬁ2123 — 4c(a_5)Z14Z13,
Yo+m- = 2525713714 (3.15)

Co-annihilation proceeds via terms of the form
N (ys +y27°)C (3.16)

with y¢,y° complex. The cross-section is given by an expression similar to eq. (3.11),
provided that the neutralino-chargino mass difference is neglected, taking c,, = 1, and
making the substitution (y")? — |[y°|%, (¥*)?> — |y°|?>. We now have

1
Yo, = ~5i7 (A Yi-gn £ MY ) by = h, H

1
y%OA = 2M ()\ YH AR:F)‘IYH AL) (317)

Yi-nr = V2c5U12(5aZ14 — caZ13),

Yir-nr = V255Vi2(5aZ14 — caZ13),

Yiu-nr = —V2cU12(caZ14 + 8aZ13),

Yi-ur = —V2s3Via(caZ1a + 50713),

Yir-ar = V2c3U12(s8Z14 + c5Z13),

Ya-ar = \/585‘/12(85214 +c3Z13). (3.18)

To get some intuition about the expected size of the correction to the MSSM annihi-
lation cross section, let us consider the case of a higgsino LSP, R; ~ 0, wherein the cou-
plings (3.15) and (3.18) are unsuppressed In the MSSM, annihilation into (mostly trans-

verse) gauge bosons gives (ov) ~ [12]. Regarding the BMSSM contribution (3.11)

857r,u
5 4)\M2 This estimate holds
when there is no CP violation and the leading contribution is p-wave. Writing the modified
cross section as (ov) = (ov)o(l + d¢), we find de ~ 0.25 (0%11)2. Note, however, that in the
relevant scenario co-annihilations are important and so further numerical study is required
to assess the full impact of the BMSSM. Below, we proceed to perform this study.

to annihilation into light Higgs boson pairs, we obtain (ov) ~

4 The dark matter relic density

As deduced from the WMAP satellite measurement of the temperature anisotropies in
the Cosmic Microwave Background, cold dark matter makes up approximately 23% of the



energy of the Universe [13]. The DM cosmological density is precisely measured to be
Qpar h? = 0.101 4 0.0062 (4.1)

at 68% CL. The accuracy is expected to be improved to the percent level by future mea-
surements at Planck satellite [14].

We calculate the dark matter relic density in the presence of the €; couplings using
a modified version of the code MicrOMEGAs [15], where we implemented the BMSSM
Higgs-Higgs-higgsino-higgsino couplings of eq. (1.5). The leading €; 2-induced corrections
to the MSSM Higgs spectrum, eq. (2.5), were implemented using the code SuSpect [16].

The BMSSM framework, if relevant to the little hierarchy problem that arises from the
lower bound on the Higgs mass, assumes a new physics scale at a few TeV. Since the new
degrees of freedom at this scale are not specified, the effect of the new threshold on the
running of parameters from a much higher scale cannot be rigorously taken into account.
It therefore only makes sense to study the BMSSM effects in a framework specified at low
energy. In order to demonstrate some of the most interesting consequences of the BMSSM
operators for dark matter, we will employ two such sets of parameters: a model where
all sfermion masses are correlated, and a model where the only light sfermions are the
stops. The first model demonstrates how the so-called bulk region is re-opened, even for
correlated stop and slepton masses. The second model incorporates the interesting process
of stop co-annihilation. For both models we focus our attention mainly on regions where
the stops are light, since the main motivation for the BMSSM operators is to avoid a heavy
stop (which is the cause of the little hierarchy problem) and, furthermore, this is the region
that is relevant to BMSSM baryogenesis. Previous analysis in the context of the MSSM
with a light stop were done in [17-19].

4.1 Correlated stop-slepton masses

The most natural dark matter scenario within the MSSM framework could have been that
of a light bino, annihilating to the standard model leptons via light slepton exchange.
This scenario is known as the “bulk region” of the MSSM. However, in some of the most
intensively studied MSSM scenarios, such as the mSUGRA [20] or cMSSM frameworks, the
part of the bulk region that is allowed became smaller and smaller as the experimental lower
bound on the Higgs mass became stronger. The generic reason for this is that a stronger
lower bound on the Higgs mass requires a heavier stop which, in these frameworks, further
implies heavy sleptons. One way to re-open the bulk region is to assume a framework
where the stop and the slepton masses are not correlated. The BMSSM, however, re-opens
the bulk region in a different way: the stop is not required to be heavy anymore.

In order to understand these implications of the BMSSM framework and, in particu-
lar, in order to allow for a simple comparison with mSUGRA-like models, we investigate
the following framework. The MSSM parameters that we use are those that would have
corresponded to an mSUGRA model specified by the five parameters

tanﬁ’ my o, Mo, AOa Slgn(lu‘) (42)



Thus, the correlations between the low energy MSSM parameters are the same as those
that would hold in an mSUGRA framework. In other words, our low energy parameters
are expressed in terms of the parameters in (4.2) approximately as follows [21]:

mg ~ mg + 6mf/2,

m? ~ mi+ 0.5m%/2,

m; & mg + 0.15m%/2,

My = 0.4my s,

My =~ 0.8my 2,

M3 ~ 3my . (4.3)

The values of ;2 and m?A depend on the soft breaking terms and on the electroweak breaking
parameters in the standard way. Let us emphasize again that one should not think about
this set of parameters as coming from an extended mSUGRA model, since the effects of
the BMSSM physics at the few TeV scale on the running are not (and cannot) be taken
into account. In addition, we have two extra BMSSM parameters: €; and €. We focus
essentially on the effects of ¢;.

In practice, we make discrete choices of tan 3, Ay, sign(u) and €1, and scan over my
and my 5. We focus our attention on moderate values of my/, and mg because we are
mainly interested in light sfermions and the bulk region. Figure 1 displays the area, in the
[mo, my /2] plane, where the WMAP constraint is satisfied (between the solid red lines).
We use Ag = 0GeV, > 0, and values of tan 3, €; and €5 as indicated in the various plots.
The region below the dotted blue curve is excluded by the null searches for charginos and
sleptons at LEP. The area to the left and above the orange curve is excluded because the
stau is the LSP. The dotted black curves are contour lines for my,.

We would like to emphasize several points regarding the effects that are demonstrated
by figure 1:

1. The most significant effect of the BMSSM operators is their impact on the Higgs
boson mass. Within the MSSM with mSUGRA-like correlations, the bound on the
Higgs mass strongly constrains my ;. In contrast, in the presence of 1 = O(-0.05),
the full region for which the correct value of the relic abundance is obtained is allowed.

2. Another significant effect is the appearance (for negative enough €; values) of a new
region fulfilling the DM constraint. This is the ‘h-pole’ region in which my ~ 2 myo,
and the s-channel Higgs exchange is nearly resonant, allowing the neutralinos to
annihilate efficiently [22].

3. For the case discussed in this subsection, the co-annihilation region with the stops is

not present as the mass difference with the LSP is always too large.

4. In the mg region that we are considering here, the impact of the BMSSM operators
on the mass of the neutralino LSP and on the region fulfilling the WMAP constraint
is rather limited. The reason is that in the bulk region the LSP is mostly bino-like,
while the BMSSM operators affect the higgsino parameters.
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Figure 1. Regions in the [mg, m4 ;] plane in which the WMAP constraint is fulfilled (between the
solid red lines). We use Ag = 0GeV, p > 0, and values of tan 3, €; and e; as indicated in the various
panels. The region below the dotted blue curve is excluded by the null searches for charginos and
sleptons at LEP. The area to the left and above the orange curve is excluded because the stau is
the LSP. The dash-dotted black curves are contour lines for mj; with values in GeV as indicated.
The dotted purple line in the middle right panel denotes the appearance of a remote vacuum in the
scalar potential. Above and to the left of this line, the electroweak vacuum is metastable.
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The BMSSM operators may destabilize the scalar potential. If 4|e| > €2, the effective
quartic coupling along one of the D-flat directions is negative, causing a remote vacuum
to form in the presence of which the electroweak vacuum could become metastable. When
considering values of €; > —0.1, vacuum stability is ensured provided that the following
condition is fulfilled [23]: ,

2
24 + 2 > . (4.4)

W2 = T+sin25 <1 I
The stability criterion as written here applies when m 4 > 3mz. The fact that this criterion
involves electroweak scale parameters, and only ratios of non-renormalizable operators, is
reminiscent of the supersymmetric origins of €¢1. In regions of the parameter space where
eq. (4.4) is violated, the electroweak vacuum is metastable. For large tan 3, this occurs
throughout an important fraction of the [mg, m, /2] plane, depicted in the middle right
panel of figure 1 by the area above and to the left of the dotted purple line.

It is important to stress that eq. (4.4) represents an analytical tree level approximation
and as such, in the current framework where quantum corrections are sizeable, it is conser-
vative. In order to determine whether the lifetime of the electroweak vacuum is long enough,
the rate of quantum tunneling into the remote vacuum should be compared to the Hubble
rate. For illustration, consider the two parameter points, P; : [mg = 200 GeV,m, J2 =
150 GeV] and Py : [mg = 100 GeV,m; /5 = 250 GeV], with tan 8 = 10,e; = —0.1,¢e2 = 0,
as in the middle right panel of figure 1. Point P; corresponds to a stable electroweak
vacuum configuration, in agreement with the criterion (4.4). Point P», on the other hand,
violates eq. (4.4) by ~ 15%. However, P, involves significant quantum corrections due to
stops (mg, = 415GeV, mg, = 590 GeV, A; = —480 GeV). Calculating the tunneling action,
we find that P, is in fact long-lived enough to provide an acceptable model point. Similar
calculations reveal that the rest of the middle right panel is also long-lived enough (at least
marginally), and so eq. (4.4) can not be used to exclude regions in the mSUGR A-like param-
eter space considered in this section. We will return to the issue of vacuum stability in sec-
tion 4.2. There, quantum corrections due to stops will be held moderate and fixed, resulting
with precise application of eq. (4.4) to exclude significant portions of the parameter space.

As concerns precision electroweak data and low energy processes, it is important to
realize that the new physics that generates the non-renormalizable operators can directly
modify the constraints that come from these measurements. Ignoring this point, it is still
possible to identify regions in the parameter space favored by the WMAP data which satisfy
all such low energy constraints. The relevance of the BMSSM lies in the fact that constraints
involving the Higgs are decoupled from constraints involving the stop sector. In particular,
stops that are neither heavy nor mixed are acceptable, as demonstrated by our choice of
Ag = 0 throughout the current section. In contrast, in the case of the MSSM, satisfying the
Higgs mass bound as well as electroweak precision data necessitates large values for Ag [24].

4.2 Light stops, heavy sleptons

The aim of this section is to further expose various implications of the BMSSM for the DM
relic abundance, putting special emphasis on parameter regions compatible with a strong
first order electroweak phase transition, as required for baryogenesis. In particular, we are
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interested in the scenario of light, unmixed stops. As mentioned above, LSP co-annihilation
with stops is not a viable possibility if the low energy soft supersymmetry breaking param-
eters obey relations similar to those that would follow from mSUGRA-like theory, unless
stop mixing is very large. To explore this possibility in the BMSSM, we employ a set of low
energy parameters that is different from the previous subsection. Explicitly, in addition to
the BMSSM ¢; parameters, we consider the following set of parameters:

MQ’ Hy tanﬁ’ Xt’ my, mq, mf’ ma, (45)

where m 7 is a common mass for the sleptons, the first and second generation squarks, and
BR. We further use M; = g tan? Oy My ~ %Mg.

To demonstrate our main points, we fix the values of all but two parameters as follows:
€1 =0 or —0.1, e = 0 or +-0.05, tan 3 = 3 or 10, X; = 0, my = 210 GeV, mg = 400 GeV,
my=ma = 500 GeV. This scenario gives rise to relatively light stops:

mz <150 GeV, 370 GeV < my, < 400 GeV. (4.6)

We scan over the remaining two parameters, My and pu.
In the prescribed framework, one can identify four regions in which the WMAP con-
straint is fulfilled:

— The ‘Z-pole’ region in which the LSP is very light, Mo ~ %MZ ~ 45 GeV, and the s-
channel Z exchange is nearly resonant. This region is not ruled out only in scenarios

where the mass splitting between M; and My at the electroweak scale is very large.

— The ‘h-pole’ region in which the LSP is rather light, M0 ~ %Mh, and the s-channel
h exchange is nearly resonant, allowing the neutralinos to annihilate efficiently [22].

— The ‘mixed region’ in which the LSP is a higgsino-bino mixture [12], My ~ 24, which
enhances (but not too much) its annihilation cross-sections into final states containing
gauge and/or Higgs bosons: x{x{ — WTW~, ZZ, Zh and hh.

— The ‘stop co-annihilation’ region, in which the LSP is almost degenerate in mass with
the lightest stop (£1). Such a scenario leads to an enhanced annihilation of sparti-
cles since the ) — #; co-annihilation cross-section [25, 26] is much larger than that
of the LSP.

Figure 2 displays the areas, in the [My, p] plane, in which the WMAP constraint is
satisfied (between the solid red lines). The region of large p and My, to the right of the
orange dashed line, is excluded since the lightest stop becomes the LSP. The region of small
w and/or My, below and to the left of the blue dotted line, is excluded by the null search
for charginos at LEP2 [27].

Let us first consider the two upper panels, where €; = e5 = 0. The various regions
described above that are consistent with the DM constraints can be identified in this figure.
The region at My ~ my ~ my corresponds to the s-channel exchange of an almost on-shell
Higgs or Z boson. Note that when QmX(l) is too close to the Higgs or Z mass pole, the
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Figure 2. Regions of the [M3, ] plane in which the WMAP constraint is fulfilled (between the solid
red lines). We use the parameter set described in the text, and values of tan 3, ¢ and €5 as indicated
in the various panels. The region above and to the right of the orange dashed curve corresponds to
a stop LSP. The region to the left and below the blue dotted curve is excluded by direct chargino
searches. Most of the region above the horizontal dashed line is excluded by vacuum instability.
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LSP annihilation is too efficient and leads to a much too small Qpy A%, In any case, for
the Higgs mass values obtained here, mj; ~ 85(98) GeV for tan = 3(10), this region is
already excluded by the negative searches for chargino pairs at LEP2.

The region close to Ms ~ 1 ~ 200 GeV corresponds to the LSP being a bino-higgsino
mixture with sizeable couplings to W, Z and Higgs bosons, allowing for reasonably large
rates for neutralino annihilation into x{xy — WTW =, ZZ, hZ and hh final states. Above
and below the band, the LSP couplings to the various final states are either too strong or
too weak to generate the relevant relic density.

Finally, for larger p values, in the region close to the orange curve, the mass of the
lightest neutralino approaches the mass of the lightest stop leading to an enhanced co-
annihilation cross-section: x{#; — W*b, gt (~ 90%). Also, to a lesser extent (~ 5%), the
annihilation cross-section of the stop NLSP contributes to the total cross-section by the
process t1t] — gg.

Next we consider the ¢ = —0.1 case (the two middle panels). The features of the
DM allowed regions are similar to the previous case. The main difference comes from the
important enhancement of the Higgs mass due to the presence of the BMSSM operators.
In this case it is possible to disentangle the Z and the h peaks, since the Higgs-related peak
moves to higher Mj values, due to the increase of the Higgs mass: my, = 122(150) GeV for
tan # = 10(3). Furthermore, the latter peak is no longer excluded by chargino searches.

For large values of the pu parameter, the BMSSM operators destabilize the scalar po-
tential. The regions above the horizontal dashed lines in figure 2 exhibit a metastable
electroweak vacuum, following from the violation of eq. (4.4) which requires p < m4. Sim-
ilarly to the situation in the previous section, points right above the approximate analytical
stability line may still be acceptable, as the stability constraint is somewhat alleviated by
quantum corrections. However, with stop parameters as specified, computing the tunneling
action for the middle and lower right panels reveals that the limit dictated by eq. (4.4) is
in fact accurate to better than 15%. Hence a significant portion of the parameter space in
the middle and lower right panels is indeed excluded by stability considerations.

The role of €5 can be seen from the lower two panels. It alleviates the stability con-
straint and slightly increases the Higgs mass. The es-related effect on the Higgs mass is
suppressed by tan? 3 and consequently it is much more pronounced in the tan 3 = 3 case
than in the tan g = 10 case.

5 The EWPT in the BMSSM

To study the electroweak phase transition, we analyze the finite temperature effective
potential at two-loop order for the light scalar field. Detailed analyses for the case of the
MSSM have been performed in refs. [28-31]. Here we focus on the region of parameter
space of large m 4, for which there is a single light Higgs field at the phase transition. We
review the main effects found in ref. [8] and study in more detail the interplay between the
relevant parameters. We write the effective potential at finite temperature as follows:

2 12 2
Vel T) = 5~ |y~ B (%) ] - ? - BT+ 5o (5.1

— 14 —



The leading contributions to the v-term and the E-term arise at one-loop. The y-term
is further corrected at two-loops by the so-called Dgy and Dgg terms [28]. The B-term
contains the dominant two-loop corrections in the MSSM, which arise from the Dggy and
Dgggs diagrams that contribute with a logarithmic dependence [28]. For the numerical
analysis we keep, in addition to the SM contributions, all contributions associated with the
light right-handed stop. When considering a light left-handed stop, the relevant, dominant

two-loop (order g2

h? and h}) corrections are added as well.
The strength of the phase transition is determined by the order parameter which, at

the critical temperature of the phase transition T,, is given by

L) _E 1 <E2 +§>1/2%§ (HA_B). (5.2)

T. 2x 2\ "\ ) E?

We now discuss the various relevant parameters (E, B, A) and their dependence on the
MSSM parameters.
The cubic term arises in the regime for which the high temperature expansion of the

bosonic one-loop contribution to the effective potential is valid. We write

E = Esm + Evssu- (5.3)
The SM contribution is given by
2md, +m?
Egy = — % —Z, 5.4
g = L (54)

The dominant MSSM contribution comes from the stops (we provisionally neglect the
t7, — tg mixing):
oV =—

2&?( 3 (1) +m (1) (5.5)

The finite temperature stop masses are given by

tr

1 1
mtgL (T) = m% + §h%s%¢2 + 592025¢2 +apT?,

1
m? (T) = mi + 5h§s§¢2 +agT?, (5.6)
where we neglect contributions from the U(1)y gauge bosons in the field dependent terms.
To maximize the value of Eygsn, one would like to take negative values of m2Q and m2U,

that would cancel the thermal masses, yielding a purely cubic form in ¢ [29]:

X NC 3.3
ENidsm = 5 hiss (5.8)
Eq. (5.8) illustrates the effect of the stops and gives, to leading order, what would be an up-
per bound on the strength of the phase transition for the MSSM. It is impossible, however,
to make the selection (5.7) simultaneously for both stops, due to constraints from the p pa-

rameter and the experimental bound on the sbottom mass (through its dependence on mg).
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The two-loop stop contribution to the finite temperature potential, which can increase
o(T.) via its effect on B, is given by

2072 2 . .
_ 9s (Nc B 1)T 2 2Tn‘tL (T) 2 thR (T)
The effect is maximal when the limit of eq. (5.7) is realized:
2.2 2
max s Iw 'y
o = = (5.10)
stops ﬂ_Qm%V

Other logarithmic terms tend to diminish the value of B [28]. Note, however, that the net
two-loop contributions to eq. (5.2) is the same when considering the maximal contributions
from both stops or from a single one of them.

The strength of the phase transition is further affected by the quartic coupling A. At
zero temperature, it is related to the Higgs mass via m% = Aegv?, where
m~LmER

3
mi = mZchﬁ — 16v%¢; cot B + —5m?h? In !

5.11
472 m? ( )

Eq. (5.11) is valid for large m4 and large tan 5. It includes the leading one-loop corrections.
The €5 dependence is dropped. Adding in the leading finite temperature correction, we have

3
MT) = A + mhfs% In 2. (5.12)

Thus, we can estimate,
@c v*(Esm + Fussum)

_ 5.13
T. mi+3(ln 2)h?s%m?/47r2 (5.13)

We now consider three specific cases. We use different values of the non-renormalizable
contribution (e;) and the loop contribution (mg, m;, ), but in such a way that my, is fixed
at the experimental lower bound.

(a) mfre® = 114 GeV. To keep my, = 114GeV (and by that minimize the denominator

of eq. (5.13)), we need the loop correction of the Higgs boson mass to vanish, namely
mg, mi, = mi. (5.14)

This constrains the possible values of mtgL (T') and mth (T'), and gives the largest possible
contribution to Eygssy and to B, thus maximizing the strength of the phase transition.
Smaller values of mg, mj,, are not allowed due to the experimental bound on my,. Larger
values are allowed but lead to a decrease in the numerator and an increase in the denomi-
nator in eq. (5.13).

The left panel of figure 3 shows the contour of ¢./T. = 1 and the contour of m; = 114
in the myg -m;,_ plane. We also show the curve of m;, > 175GeV, corresponding to the
experimental lower bound on my, . We use tan g = 5 and ¢; = —0.065, so that we obtain
mi® = 114 GeV. The m;, curve then corresponds to eq. (5.14). The plot shows the
approximate symmetry in this case between m;, and mj;,, which is broken only by effects
arising from D-terms. The allowed region is to the left of the ¢./T. = 1 curve and above
the my, = 114 GeV curve.
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Figure 3. Contour of ¢./T. = 1 (solid black curve), and contours of mj (dashed curves) for
tan § =5, and ¢; = —0.065 (left panel) or —0.08 (right panel). Also shown is the constraint arising
from the lower bound on mj_ (solid blue line).

(b) mire® > 114 GeV. Here we take values of ¢ such that m}*® > 114 GeV. In this case,
mg, mi, < m? is allowed. Such values further increase Fyggm with respect to the values
presented in case (a), and the allowed region for a strong enough phase transition is in-
creased, although here the sbottom mass constraint eliminates a large portion of this region.
The right panel of figure 3 shows the ¢./T. = 1 the mj = 114 GeV contours for this case.

tree

(c) my®® < 114 GeV. This is reminiscent of the usual MSSM results for the electroweak
phase transition, in which one requires m;,  to be large enough to satisfy the mpr value.
The effect on Fygsw is to effectively screen the contribution from the left-handed stop,
thus reducing the cubic term to be smaller than half its maximum value and, furthermore,
reducing the value of B. Variations in the value of mg produce only small variations in
the value of my, as the main effect of increasing m( is to increase the one-loop value of
the Higgs boson mass, thus reducing the strength of the phase transition. To compensate
for that, a slightly smaller value of m;,_ must be taken to increase Engsm.

In the region of the parameter space where the EWPT is strong enough, a minimum
where colour is broken might develop [29]. If the temperature where this minimum becomes
as low as the potential at the origin, 7.V, is higher than the critical temperature for the
EWPT, Tcd) , then the Universe is likely to end up in the colour breaking minimum. Thus,
this region is excluded [32]. When the two stops are light enough, T? is safely higher than
TY. However, when we consider higher and higher values of mg, , and correspondingly, to
keep the EWPT strong enough, lower and lower values of mj, the closer do T? and vV
get to each other, until, at some critical values of (mtgL,mth), we reach T = TY.

Up to this point, we fixed the values of ¢; and tan § and obtained the allowed regions
in the [m;,,, m;, | plane. We learned that the presence of ¢; = O(—0.1) opens new regions in
this plane where both the my, constraint and the EWPT constraint are satisfied. We now
turn our attention to the dependence on the other relevant parameters. More concretely,
we fix mj, = 200 GeV, which is close to the lowest value allowed by the dp parameter, and
obtain the dependence of ¢./T, and of my, on tan 3, myg,, and €;.
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Figure 4. The dependencies of the Higgs mass and the EWPT on tan 3, m;,, and 1. We fix m;, =
200 GeV. Solid lines indicate contours of ¢./T. = 1 and dashed lines contours of mj; = 114 GeV.
Each same-colour pair of (solid and dashed) lines corresponds to the same set of parameters.

Our results are presented in figures 4 as contours of ¢./T. and of my, in various param-
eter planes. In the top left panel we make discrete choices of €1, and present the results
in the [ng,tan B] plane. For each value of €, the allowed region is to the right of the
myp = 114 GeV and to the left of the ¢./T. = 1 curve. In the top right panel we make
discrete choices of my, and present the results in the [e1,tan §] plane. For each value
of mj,_, the allowed region is to the left of the m; = 114 GeV and to the right of the
¢c/T. = 1 curve. In the lower panel we make discrete choices of tan 3 and present the
results in the [61,m{R] plane. For each value of tan 3, the allowed region is to the left of
the my = 114 GeV and below and to the right of the ¢./T. = 1 curve. We learn that
small values of tan 8 are allowed and, furthermore, values of m;_ > m; can simultaneously
satisfy the requirement for baryogenesis and the Higgs boson mass bound.

To summarize the results depicted in figures 3 and 4, the BMSSM framework introduces
the following significant differences with respect to the standard MSSM case:

1. The Higgs boson mass constraint decouples from the value of m¢ in some regions of
parameter space. Consequently, a very light left-handed stop can contribute signifi-
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cantly to the cubic term in the effective potential. Explicitly, values of m;, < 175 GeV
(mg ~ 0) are now allowed, compared to the values of mg ~ 2 — 3TeV, that are re-
quired in the MSSM.

2. The lowest allowed value for m; arises from electroweak precision measurements and
from direct searches. For the MSSM, these constraints are superseded by requiring
my, > 114GeV.

3. In the MSSM, a large value of left-right mixing in the stop sector is strongly favored.
This is not necessary within the BMSSM. The actual consequences of left-right mixing
in the stop sector are quite similar between the BMSSM and the MSSM: The Higgs
boson mass is increased, which, in turn, weakens the phase transition (although this
can be compensated by changing e;). Moreover, the contributions to the cubic term
in the potential from the stops are screened, again weakening the phase transition.

4. Larger values of mg,, are allowed. Actually, the experimental bounds on the masses of
the left handed squarks determine the largest possible mass of the right-handed stop.

5. Smaller values of tan 3 are now feasible.

We learn that the greater freedom in the values of the different parameters that affect
the Higgs boson mass — tan 3, m;,, my, — implies that the allowed regions are similar
to those identified in the early analyses of the EWPT [30].

Two final comments are in order. First, note that the inclusion of non-renormalizable
operators of dimension six could modify the results. In particular, it is clear that for
large my, such terms can induce additional contributions like those identified in ref. [33].
Vacuum stability considerations must be carefully taken into account in this case.

Second, as pointed out in refs. [5, 8], the non-renormalizable operators can induce new
sources of CP violation in the scalar Higgs sector, that would modify the production mech-
anism of the baryon asymmetry of the Universe. These new sources could provide a relief to
the tension between the large phases required to produce the BAU and the contributions to
the electric dipole moments. Additionally, even in the absence of CP violation in the scalar
Higgs sector, modifications to the EDMs arise from the new interaction terms between the
Higgs bosons and the higgsinos [4]. These issues will be further studied elsewhere.

6 Conclusions

The main motivation to add non-renormalizable operators to the MSSM Higgs sector is
to reduce the fine-tuning that is required by the lower bound on the Higgs mass. We
have shown that, in addition, these operators have implications for cosmology that are
very welcome: Regions of the supersymmetric parameter space that are favored by the
dark matter constraints and by the requirement for a strong first-order electroweak phase
transition, but are excluded within the MSSM, become viable within the BMSSM.

As concerns dark matter, a particularly important feature of the BMSSM is that the
bulk region, for which the LSP is mostly bino-like and the sfermions are relatively light,
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can provide the adequate contribution to the energy density of the Universe while still
satisfying the collider constraints on the Higgs boson as well as on the supersymmetric
particle spectrum. Light stops co-annihilating with the LSP could have been active players
in driving the dark matter relic density to its present value. It is also possible that nearly
resonant LSP annihilation proceeded through exchange of the lightest Higgs particle itself.

If light stops are indeed found in upcoming experiments, large BMSSM corrections
will be implied. In this scenario, parameter regions where u is large (exhibiting some
heavy neutralinos and charginos) will be significantly constrained by the requirement of
vacuum stability.

As concerns the electroweak phase transition, the BMSSM has a dramatic effect when
determining the range of parameters for which the phase transition is sufficiently strong
to suppress sphaleron transitions in the broken phase. The fact that large stop-related
radiative corrections to the Higgs mass are not required, allows light stop degrees of freedom
to affect the dynamics of the phase transition by enhancing their contributions to the
magnitude of the order parameter at the critical temperature.

Note added. Upon completion of this work, a related paper [34] has appeared. Where
the two analyses overlap, we confirm their results.
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