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1 Introduction

Beyond the Standard Model (BSM) particle physics should aspire to include the following

three cosmological cornerstones.

1. Inflation can explain the current temperature anisotropy in the cosmic microwave

background (CMB) radiation measured by the Planck satellite [1]. Since inflation
dilutes matter, the end of inflation must excite all the relevant Standard Model (SM)
degrees of freedom without any excess of dark matter and dark radiation, along
with the seed initial perturbations for the structure formation. This can be achieved
minimally by embedding inflation within a visible sector of BSM, such as the Minimal
Supersymmetric Standard Model (MSSM) [2—4]. For a review on inflation, see [5].

. Dark matter is required to form the observed large scale structures of the Universe [6].

The lightest supersymmetric particle (LSP) is an ideal dark matter candidate since it
is a weakly interacting massive particle (WIMP), and its interactions with the super-
partners are sufficient to keep them in thermal bath until they decouple due to the
expansion of the Universe and their abundance freezes out [7]. The thermal WIMP
scenario is attractive due to its predictive power in estimating the abundance of the
dark matter and potential link to the weak scale. Within the MSSM the neutralino
plays this role of dark matter ideally. For reviews on dark matter, see [8, 9.



3. Baryon asymmetry, at the observed level of one part in about 10'°, is necessary to
realize Big Bang nucleosynthesis [10]. This asymmetry can be achieved by satisfying
the three Sakharov conditions [11]: baryon number (B) violation, charge (C') and/or
charge-parity (C'P) violation, and the out-of-equilibrium condition. These ingredients
are present within the SM, but with a 126 GeV Higgs the model lacks sufficiently
strong first order phase transition to keep the baryon asymmetry intact. For a review
on baryon asymmetry, see [12].

The MSSM provides all three ingredients, however the electroweak baryogenesis in its
context is becoming more and more constrained by the LHC data. In the simplest MSSM
electroweak baryogenesis scenario (where the CP-violating phases catalyzing the asymme-
try reside in the gaugino sector) it is getting hard, if not impossible, to generate enough
asymmetry with a 126 GeV standard-like Higgs boson in a natural manner [13]. So we
turn our attention to the electroweak baryogenesis in the Next to Minimal Supersymmet-
ric Standard Model (NMSSM). (For a review on the NMSSM, see [14].) The NMSSM has
more flexibility as it introduces a new Standard Model gauge singlet which helps achieving
a strongly first order electroweak phase transition, since the order parameter is now deter-
mined by the singlet sector and becomes essentially independent of the Standard Model-like
Higgs mass.

In this work, we present a highly efficient algorithm to delineate regions of the NMSSM
with strongly first order phase transition. After finding these regions we reject model points
where the neutralino relic abundance exceeds the upper limit imposed by Planck by more
than 3o. Some of the dark matter particles, in particular those with high singlino fraction,
tend to escape the most stringent bounds given by the XENON100 [15] and TEXONO [16]
direct detection experiments, but they fall close to the regions where tantalizing positive
signals from DAMA [17, 18], CoGeNT [19], CRESST-II [20] and CDMS [21] could be
potentially explained by dedicated search of light DM. The NMSSM singlet sector can
also affect other properties of dark matter. With a sizable singlino fraction the lightest
neutralino can be very light even in the presence of heavy super-partners [22, 23].

The joint parameter space for satisfactory neutralino dark matter and first order elec-
troweak phase transition has been studied in [24]. Here we supersede that study by a new
algorithm for finding regions where electroweak baryogenesis can be successful, by consid-
ering the parameter space for neutralino dark mater and successful inflation driven by the
MSSM squarks, and updating all experimental constraints, especially the vital Higgs limits
from the LHC [25, 26].

In the next section we briefly summarize the relevant features of the NMSSM. In
section 3 we examine the baryon washout condition and derive an algorithm to find regions
of its parameter space satisfying a strongly first order electroweak phase transition. In
section 4 we summarize the constraints applied to the theory, and in 4.1 we show model
points jointly satisfying inflation, baryogenesis, and dark matter abundance. We discuss
implications on inflation in 5 and finally conclude.



2 The next-to-minimal supersymmetric standard model

In this work we consider the Z3 conserving, scale invariant, version of the the Next-to-
Minimal Supersymmetric Standard Model [27, 28] which is defined by the superpotential
(see, for instance, ref. [14])

~~ o~ 1 -
Wo=wMSSM| o+ ASH, H, + gch?’. (2.1)

Above WMSSM| _; is the MSSM superpotential without the x term (as defined in ref. [29])
and ﬁmd (S) are SU(2) doublet (singlet) Higgs superfields: H, = (I?If',ﬁ?)T, H, =
(Ef 9. I?I;' ). The superscript in ITIZjE 0 denotes the electric charge of the component. The
corresponding soft supersymmetry breaking scalar potential

Vit = VMM p_g + VIMSSM (2.2)

St

contains the MSSM soft terms with B set to zero [29] and

1
Vl(\)IfI}C/ISSM _ m§|S|2 — M\SH, H,; + §HA’“S?’ +hec (2.3)

St

Here H, g and S denote the scalar components of the neutral Higgs superfields. During
electroweak symmetry breaking the neutral components of these will acquire a non-zero
vacuum expectation value.! The MSSM terms above are [29]

‘/Slt\)/%?SM|B:O = ‘/sl(\)/i'tSI-SIM + ‘/Scalar + ‘/jgaugino + %rL (24)
It is important for electroweak baryogenesis that the Higgs potential

V= Vi VIR VRN 4 v, 25)

S
receives contributions both from the MSSM

2 2
+
vp = B (B - ), (2.6)

Vot = miy, [H|? +mi;, [Hal?, (2.7)

and the NMSSM

VEMSSM = M2[S12(JH,[* + [Hal*) + N |H Hal? + #%|5]*
+ KAS?HH + h.c. (2.8)
While A is a free parameter, perturbativity up to the Grand Unification Theory scale

restricts it below 0.7. In this work we respect this limit and do not take A higher. The
cubic singlet coupling x breaks the global U(1) Peccei-Quinn symmetry [34], and when k

'In this version of the NMSSM the formation of cosmological domain walls during electroweak symmetry
breaking is a concern. The solution of the domain wall problem has been discussed, amongst others, in
refs. [30-33]. It has been shown by Panagiotakopoulos and Tamvakis that the cosmological domain wall
problem is eliminated after imposing a Zs R-symmetry on the non-renormalizable sector of the NMSSM.



vanishes this symmetry is restored. For simplicity, in this work we consider the limit where
k is small, that is the Peccei-Quinn limit. This limit is also motivated by the desire to
obtain a light dark matter candidate, as indicated in the next paragraph.

In this work we the lightest neutralino is the dark matter candidate. Neutralinos in the
NMSSM are admixtures of the fermionic components of five superfields: the U(1)y gauge
boson B , the neutral component of the SU(2);, gauge boson Wg, the neutral components
of each Higgs doublet ﬁu and f[d, and the singlet S. The mass of the lightest neutralino
originates from soft supersymmetry breaking

1 = ~ =~ = o~
Vgaugino = §(MIBB + MaW;W; + M3GoGla), (2.9)
where the fields above are the fermionic components of the vector superfields. The admix-
ture of the lightest neutralino is controlled by the neutralino mass matrix which, in the
(—iB, —iWs, Hy, H,, S) basis, is given by the symmetric matrix [14]

M, 0 _glf/%ﬂ glgy 0
M, 2 2l g
Mz = 0 —MS) —AH) |- (2.10)
0 —A(Hqg)
K(S)

Here g1 2 are the U(1)y and SU(2);, gauge couplings, and (X) denote vacuum expectation
values. To obtain the mass eigenstates, we have to diagonalize the neutralino mass matrix.
This can be done with the help of a unitary matrix IV;; whose entries provide the mixing
amongst gauginos, higgsinos and the singlino. The lightest neutralino, for example, is
given by:

5(? :NHE—{—NHWO+N13ﬁg+N14ﬁ2+N15§, (211)

where |N11|? gives the bino, |N12|? the wino, |Ni3|? + |N14|? the higgsino and |Ni5/|? the
singlino fraction. When, for example, x(S) is the smallest entry of the mass matrix, the
lightest neutralino tends to be singlino dominated. Alternatively, a small M; entry can
render the lightest neutralino to acquire mostly bino admixture.

3 Baryon asymmetry

As mentioned above, three conditions have to be met to generate baryon asymmetry: B
violation, C' and/or C'P violation, and departure from thermal equilibrium. Remarkably,
these conditions can be met in the Standard Model of particle physics. The difference of
the baryon and lepton numbers, B — L, is an exactly conserved quantity in the SM (and
within NMSSM). While at low temperatures B and L are individually conserved with a
good approximation, at very high temperatures baryon number violation in unsuppressed
through sphaleron processes [12, 35]. Unfortunately, there is not enough C'P violation in
the standard CKM matrix to generate the observed baryon asymmetry. In the NMSSM,



sufficient amount of C'P violation can be added to the gaugino and singlino sectors. Pro-
vided that the third Sakharov condition is met, it is possible to generate the observed
asymmetry in the NMSSM. In this paper we focus on the latter: where in the NMSSM
parameter space a strong first order electroweak phase transition can be achieved?

At very high temperatures electroweak symmetry is restored [36]. As the Universe

cools, the electroweak symmetry is broken during the phase transition. If the phase tran-
sition is first order, the electroweak symmetry is broken through tunneling processes. This
occurs when the effective potential has degenerate minima {0, ¢.}, where ¢ denotes the
Higgs vacuum expectation value (VEV). In such a case bubbles of broken phase grow in
the otherwise symmetric vacuum, until the phase transition is complete and symmetry
is broken everywhere in the Universe. Within the symmetric phase sphaleron processes,
and therefore baryon violating processes are unsuppressed whereas they are exponentially
dampened within the broken phase. The C and C'P violating processes near the bubble
walls can create a large baryon asymmetry. If the phase transition is strongly first order
the baryon asymmetry will be preserved [12]. To this end we require [37-47]
ZZ =~v<1, (3.1)
where T, is the temperature at which the effective potential obtains degenerate minima.
This is known as the baryon washout condition. Equation (3.1) only approximately quan-
tifies the baryon washout. A more precise condition can be obtained in the gauge invariant
formalism of electroweak baryogenesis [48, 49]. The Standard Model cannot satisfy the
baryon washout condition for a Higgs like particle of mass about 125 GeV [50-52]. This
experimental constraint also all but rules out electroweak baryogenesis in the MSSM [53].
Recent work however has suggested that the NMSSM is compatible with a strongly first or-
der phase transition and the observed Higgs mass [54]. As noted before the baryon washout
condition is not the only hurdle that prevents the Standard Model from being consistent
with electroweak baryogenesis, there is also the issue of insufficient C'P violation. Here
we focus on the baryon washout condition and postpone the detailed investigation of the
relevant C'P violating phases in the NMSSM to a later work.

3.1 The scalar potential at high temperature

Previous analysis of the electroweak phase transition within the NMSSM near the Peccei-
Quinn limit found that the parameter space that satisfies the baryon washout condition
is heavily constrained [54]. Seeing as we also wish to satisfy other, in some cases rather
strict, experimental and cosmological constraints, we are motivated to find a numerically
efficient way of finding regions of parameter space that allow for a strongly first order
phase transition. In a prior analysis, Wagner et al. considered a toy model which included
the tree level effective potential of the NMSSM at the Peccei-Quinn limit with the largest
temperature corrections. Our strategy will be to derive a semi-analytic solution to the toy
model from ref. [54] and consider higher order temperature corrections, loop corrections
and small deviations from the so called Peccei-Quinn limit as perturbations to the toy
model solution. If we only scan regions of parameter space where our approximations hold,



it is numerically efficient to produce a very large volume of points that easily satisfy all of
our cosmological and experimental constraints.

The one loop temperature corrections to the effective potential are:
T4 00 . 2+M(¢)2
V(T,m:l:l):gi$22/ dza? log <1j:e I (3.2)
™ Jo

where g1 is the number of fermionic or bosonic degrees of freedom respectively. Similarly
the argument is + for fermions and — for bosons. The high temperature expansion is up
to an overall temperature dependent constant [55]

grm*(O)T*  gi[m(¢)’PA()T  gim(e)*  (m(¢)?
VT m+1) ~ = = 127 T 6dn? log< a2 )
_ gemA(@)T?*  gy[m(9)P ()T
- 24 - 127 + AV,
(3.3)
for bosons, and
g-m*(®)T*  g-m(¢)* m(¢)?
V(T,m,—-1) ~ 18 + 42 log ( e >
_ g AVr, (3.4)

48

for fermions. Here a; = (4me™7#)? and ay = (me~72)2. We have also identified the log term
as AVr to highlight that these terms will be treated as a perturbation. To keep notation
compact, all small temperature corrections that are not included in our toy model (i.e. the
ones that we treat as a perturbation) and their sum we denote as AVp. It should be noted
that the high temperature approximation for the one loop temperature corrections cannot
be assumed to be valid. Indeed it is only valid when m(¢)/T < 2.2 and 1.9 for bosons
and fermions respectively. Our numerical scans stay away from this limit, we generally
have m(¢)/T < 1.5. The temperature dependent effective potential is a function of the
Higgs field and the singlet field which we denote pg. (We also use the short hand that

o =+/H2+ Hg) Within one loop accuracy under the high temperature expansion, it is

given by
Ve, 05, T) = v+ AVs + AVioop +AVr . (3.5)

Here we have defined AV, as the loop corrections, AVg as the terms that violate the
Peccei-Quinn limit (which is approximately xA,¢2/3). The term V7T is the toy model
effective potential from ref. [24], which is given by

- A
vT = M2<p2 + cT2902 — ETgo?’ + ngpg + )\2g0§cp2 — 2ag02<ps + 5904, (3.6)



where

M? = m%{u cos® B + m%,d sin? 3,

a = AA)ysin 3 cos 3,
by 2 2 oA
2 = 9i ;‘ P2 (cos? B — sin® B)% + A2 sin? B cos? B + R (3.7)

In the last equation the parameter S\ acquires large loop corrections from the stop mass.
Note that we have not included any temperature corrections to the bare mass of the singlet.
Therefore our scheme is valid in the region where

Y
25 >19. (3.8)
Ve

In the region where temperature corrections to the bare singlet mass become important it
is possible for a first order phase transition to occur when m? < 0. These points however
are relatively rare and we lose little in ignoring them.

We recall that at the critical temperature the effective potential obtains degenerate
minima with one minima at ¢ = 0. It is easy to see that V(0,0,7) = V1(0,0,7) = 0. Let
the critical temperature and the non zero VEV at this temperature for our toy model be
denoted by T, and ., respectively. It is also useful to define ¥ = T/ for T' # T.. Note
that V' can be written as a function of ¢, pg and 4. We will denote the fields, ¢,, away from
the respective minima as ¢,. Let us assume that V' is continuous in its three arguments
near the critical temperature. It is then apparent that V (¢, + dpc, @5 + dps, v + d7) = 0,
where the non trivial VEV of the full temperature dependent potential at the critical
temperature is a small perturbation to the tree level critical VEV, ¢, + dp.. Similarly, the
singlet VEV at the critical and the inverse order parameter both obtain small corrections,
dps, 07, respectively. From the small change formula in three variables, we can write:

V(‘Pc + 0pe, Ps + 0P,y + 67)

~ VT (e, @6,7) + (AVr + AVigop + AVS)|,

ov'T ovT ov'T
55 dpe + 53 deps + 5
¥ PesPsyY Ps PepsyY 7

_l’_

9y . (3.9)
Pe,psyY
The first term on the right hand side of the above equation is identical to zero for the
reasons discussed above. Furthermore, the derivative of our toy model effective Lagrangian
with respect to either ¢ or . is also zero by definition when the derivative is evaluated
at its minimum. Setting the left hand side of the above equation to zero and defining
AV = Ar + Ag + Ajgep, We can then write:

ovT
5y = AV/ = . (3.10)
v PerPsyY
Noting that dp/07 = —p /7, we can write
oV 2G| 2Xp? %t (4m? + 2X\%p?
9P Y ot — P L 3pt ‘5(25 22;” (3.11)
0y 8] gl F(m3 + A%p?)



Finally we solve our toy model. We begin this calculation by insisting that the zero
temperature VEV is v = 174 GeV. This gives us the relation:

< a?(2m? + \%?)
YE RN S Gl —G. 3.12
v < (m2 4 A\2v2)2 ( )

Using the condition of degenerate minima occurring at a critical temperature, it is easy to
derive the following equation

A a2(\ —yE) A2G
0=—-2+~7E—c+ + —— = F(y) . (3.13)
2 V2mg m2 4 [2m
s A\—vE

The details of this calculation are given in the appendix. Note that, apart from ~, this
equation is a function of only four parameters: {mgs, \, Ay, tan 8}. We therefore calculate
07 for values of {mg, A\, Ay, tan 3} such that F(y + dv) is significantly smaller than any
of its five components. We ensure that all components of AV are small compared to the
derivative of VT with respect to gamma evaluated at the vev at the critical temperature.
Finally we insist that 6y < 0.4. The baryon washout condition is satisfied for v + dy < 1.

4 Constraints applied

To find regions consistent with experiment we used micrOMEGAs2.4 [56-58] coupled to
NMSSMTools [59] to calculate observables and performed a scan over NMSSM parameter
ranges shown in table 2. Most importantly, we require the dark matter relic abundance to
be consistent with Planck along with the constraint of strongly first order electroweak phase
transition of eq. (3.13). Additionally, we impose current limits from various experiments,

as we enumerate them below.

o Relic abundance: we require that model points satisfy an upper limit on dark matter
relic abundance observed by the Planck satellite, i.e. Q%‘f h? < 0.128 [1]. We find that
in large part of the parameter space the lightest neutralino is not enough to account
for the total Planck measured value, and multi-component dark matter should be
considered. The points which pass the Planck constraint within 3o CL i.e. 0.1118 <
Qgoh? < 0.128 [1] are highlighted.

e Higgs mass: we impose the LHC bound on the Higgs boson mass by taking the
combined theoretical and experimental uncertainties within the following range, i.e.
121.5 < my, < 129.5 GeV.

o Direct dark matter detection: we illustrate the bounds on a neutralino-nucleon inter-
action cross-section as measured by the XENON100 experiment [15] and CRESST-
IT [20]. We also consider the projected bounds of XENONIT [60] and LUX [61].
These bounds are derived using standard assumptions, i.e. dark matter density in
the Galactic halo pzo = 0.3 GeV/cm?, the circular velocity v = 220 km/s and the
Galactic escape velocity vese = 544 km/s  [62].



Quantity Value Source
Qgoh® < 0.128 1]

my, 125.5 + 4 GeV 25, 26]

(mgo +mg) > 209 GeV (14, 68]
B(Bs — ptp~) | (3.2%13) x 1077 [63]
B(b — sv) (3.4340.22) x 1074 | [64]
Say, (—2.4:4.5) x 1079 [65]
Lz < 3MeV [69]
Mg+ > 103.5GeV [66]

Table 1. List of the experimental constraints which we imposed in our NMSSM scan.

e Flavour physics: we enforce limits on the branching ratios of flavour violating decays,
B(Bs — ptp~) = (3.2513) x 1079 [63] and B(b — s7y) = (3.55 £ 0.26) x 10~ [64].
Baryogenesis does not conflict with these constraints, since these processes are en-
hanced for large values of tan § while electroweak baryogenesis in the NMSSM has a
preference for moderate tan 3 values [24].

o Muon anomalous magnetic moment: we require the supersymmetric contribution to
gu — 2 to be in the range: —2.4 x 1079 < daV5Y < 4.5 x 1079 [65].

e Chargino mass: we take the lower LEP bound on a mass of chargino to be Mg+ >
103.5 GeV [66].2 A null result in LEP searches on a process ete™ — X1X; with j > 1,
sets an upper bound on the neutralino production cross-section o(ete™ — X1X;) S
10~2pb [14], which can be translated into (mgo + msgg) > 209 GeV [68]. This limits
the mass of the lightest neutralino from below.

o [nvisible Z boson decay width: in the light neutralino regions where mzo < Mz/2,
one has to take into account of the invisible decay width of Z boson into neutralinos.
Analytical expression for this process is given by [14]:

M}Gp
FZ*)QO)ZO =
X1 19427

4m?2y\ 3/2
X1> , (4.1)

(Ni3 + N7y)? (1 -~

Mz
where NZ; and N2, are Higgsino fractions coming from eq. (2.11). This relationship
is derived assuming three massless neutrinos. In order to satisfy this constraint the
lightest neutralino must mostly be either a bino, a wino, or a singlino with minimal
or no admixture from higgsinos.

QOur constrains are summarized in table 1.

2We used a general limit on the chargino mass, however for possible caveats, see ref. [67].



Parameter Range
A [0:0.7]
Ay [0:10000] GeV
tan 3 [1:65]
w [0: Ay cos fsin ] GeV
Ag - K [0:0.01] GeV
M, [10:3000] GeV
My [10:4000] GeV
M [800:6000] GeV
mg, = mg, =Mz 6000 GeV
Mz, = Mpy = Mi, 6000 GeV
mg., =mg,, 6000 GeV
mg.. 3300 GeV
My, = Mey, 6000 GeV
mg, 4000 GeV
mg. =Mz, = My 6000 GeV
Ay -5000 GeV
A; -2500 GeV
Ay -2500 GeV

Table 2. Scan ranges and fixed values of the NMSSM parameters. The upper bound on p comes
from our requirement for m? to be positive. The first four parameters are constrained by the
strongly first order phase transition. We vary the gaugino masses in order to explore the dark
matter phenomenology and inflation, which we shall discuss below.

4.1 Scanning the parameter space for dark matter and first order phase tran-
sition

Table 2 shows the parameter ranges of our scan. We fixed the first and second genera-
tion sfermionic masses to high values in order to avoid large potential suspersymmetric
contributions to electron and nuclear electric dipole moments [70]. The masses of left and
right handed stops are adjusted to yield the measured value of the Higgs boson mass. We
varied the electroweak gaugino masses in a wide range to explore dark matter phenomenol-
ogy. Varying the gluino mass is important to determine the running of the dd inflaton.
The selected ranges also guarantee that our spectrum does not conflict with the LEP [71],
ATLAS [72] and CMS [73] bounds on squarks and sleptons.

Figure 1 shows the bino (green dots), wino (red stars), higgsino (blue squares), and
singlino (pink diamonds) fractions of the lightest neutralino. We restrict the relic density
of the lightest neutralino below Qcparh? < 0.128 which is the upper value on the dark
matter abundance set by Planck at 30 confidence level. As mentioned above, neutralinos

~10 -
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Figure 1. Bino (green dots), wino (red stars), higgsino (blue squares), and singlino (pink diamonds)
components of the lightest neutralino for scanned model points. All points shown satisfy the
condition of the strongly first order electroweak phase transition and pass all constraints listed in
section 4. On the right hand panel we only show the points that fall within 3o of the Planck central
value for the relic abundance of dark matter: 0.1118 < Q50 h? < 0.128 [1].

with masses mgo < mz /2 have to have small higgsino fraction due to strict limits on the
invisible Z boson decay (from eq. (4.1)) and the mass of the lightest chargino. Also, light
dark matter regions are very fine tuned and require separate detailed analysis and more
sophisticated scanning techniques, see for instance, ref. [23].

The heavier neutralino can have a larger higgsino fraction. This is also connected to
the fact that the positivity of m?2 sets an upper bound on the parameter p < Ay cos 3sin 3,
which allows larger higgsino fraction in the lightest neutralino. As we shall argue in the next
paragraph this opens up more annihilation channels to satisfy the relic density constraint.

In figure 2, we show the dark matter relic density dependence on mso. We only show
points for which the dark matter relic density to falls below the upper limit from Planck,
that is to satisfy Q)z(l)hQ < 0.128 at 30 confidence level [1]. The peculiar clustering of the
points in this plot is understood as follows. The first, smaller group around mso & 63 GeV
is due to neutralino annihilation through the 126 GeV Higgs. This resonant annihilation
depletes the neutralino abundance making it possible to satisfy the Planck bound. The
second, larger group of points originate from the lightest neutralinos with an enhanced
higgsino component coupling to Z boson. As this, and the previous, figure shows our model
points also have the potential to explain the origin of the 130 GeV ~-ray line observed from
the Galactic Centre in terms of the annihilation of a 130 GeV neutralino [74].

In figure 3, we show how spin independent dark matter-nucleon scattering experiments
probe the scenarios with the constraints listed in table 1 and F(y) = 0, see eq. (3.13). The
points that are circled in black fall within the range 0.1118 < Q%?hQ < 0.128 set by
Planck. It is interesting to note that quite a few points lie in the regions where LSP is
relatively light and dedicated searches for light neutralino DM potentially could explain
excess interactions in background detected by DAMA/LIBRA [17, 18], CRESST-II [20],
CoGeNT [19] and CDMS [21]. All the points with the smallest mgo have a large singlino
fraction, and are ruled out by XENON100 experiment. We also show the projected bounds
from the XENONIT and LUX experiments. These bounds are based on the assumptions
already mentioned in the 4 section.
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All the points satisfy the condition for a first order electroweak phase transition, as indicated by
eq. (3.13). They also pass all the constraints listed in section 4.
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Figure 4. Distribution of the parameters which are relevant for baryogenesis in our scan.

Since in most of the cases that we have found the relic abundance is significantly lower
than the set limits by the direct detection experiments, we need to lower the cross section
oI by a factor (Qgg/Qobsemed)- Here we take the Planck central value Q,pserveq = 0.1199.
As we see, most of the points that fall below XENON100 will be tested very soon by LUX
and XENONI1T experiments.

In figure 4, we show how the relevant parameters that enter eq. (3.13) are distributed
in the scans. In the top left panel we can see that tan 8 tend to cluster around lower values.
This is not because a higher tan g is inconsistent with the baryon washout condition, just
that our approximations break down for the large tan 8 so we avoided scanning those.
The breakdown is due to terms in AV that are tan 8 dependent and for large tan 5 can
make AV too large so that our assumption of AV being small is violated. Similarly the
upper bound on Ay and A is a relic of our approximations rather than any real difficulty
in satisfying the baryon washout condition in that parameter range. The lower bound on
A, however, originates from baryogenesis since the low x and low A region is the MSSM
limit and it is difficult to satisfy the baryon washout condition in the MSSM for a Higgs
mass of 125GeV [13]. We kept 4; = —5000GeV fixed to be able to satisfy the Higgs
mass bound more easily. Values of p are mainly within a 100-200 GeV range because, as
mentioned above, large values are constrained by the requirement of m? being positive.
This translates into upper bound, lower than Ay cos 8sin 3, for a particular tan 8. Lower
1 values are constrained because of the invisible Z decay and the chargino mass, which
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set bounds on the higgsino component of the neutralino which is directly related to low u.
Since Ay enters eq. (A.8) through @, in order to satisfy condition F(y) = 0 there needs to
be some tuning between fourth and fifth terms. This fine tuning increases with increasing
A, and so condition A.8 is much easier met at low values.

5 Gauge invariant inflaton

Within the MSSM there are nearly 300 gauge-invariant F- and D-flat directions, for a
review see [75]. Out of these flat directions, we will be interested in studying udd as an
inflaton [2-4], where u, d correspond to the right handed squarks. In fact within the
MSSM, LLé [2, 3] and H, Hy [76] could also be good inflaton candidates. All the inflaton
candidates provide inflection point in their respective potentials [77, 78], where inflation
can be driven for sufficiently large e-foldings of inflation to explain the current Universe
and explain the seed perturbations for the temperature anisotropy in the CMB, which has
been confirmed by the recent Planck data [79, 80].

Within the NMSSM with the introduction of a singlet it becomes necessary to include
the dynamics of a singlet field. Since the singlet here is not gauged there will be contribu-
tions to the SH, Hy potential which would potentially ruin the flatness and therefore the
success of inflation driven solely by the gauge invariant inflaton [5]. While LL¢ could still
be a good inflaton candidate in our current scenario, but in our analysis slepton masses
are not constrained by the dark matter and the baryogenesis constraints, therefore we only
concentrate on udd as an inflaton for this study.

Previous studies on MSSM inflation only considered the overlap between the parameter
space for a successful inflation and the neutralino as the dark matter, which satisfies the
relic abundance [81-83]. In this paper, we will consider one further step and we wish to
constrain primordial inflation along with neutralino dark matter and condition for sufficient
baryogenesis.

5.1 Brief review of inflation

The @dd flat direction is lifted by a higher order superpotential term of the following
form [75],

y ©°
WoZ— ., (5.1)
6 M3

where y ~ O(1), and the scalar component of the superfield ® is given by:
U+d+d
75

After minimizing the potential along the angular direction 6 (® = ¢e?), we can consider

6= (5.2)

the real part of ¢ , for which the scalar potential is then given by [2, 4]

¢6 ¢10

Y6 ME + ME (5.3)

V(g)= g3 — A
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where mg and A are the soft breaking mass and the A,-term respectively (A4, is a positive
quantity since its phase is absorbed by a redefinition of 6 during the process). The mass
for udd is given by:
2 2 2
m= + m4%<+ m%
2 u d d
Mme=—""7% - (5.4)
Note that the masses are now VEV dependent, i.e. m?(¢). The inflationary perturbations
will be able to constrain the inflaton mass only at the scale of inflation, i.e. ¢g, while
LHC will be able to constrain the masses at the LHC scale. However both the physical
quantities are related to each other via renormalization group equations (RGEs), as we
shall discuss below.

For [4] ,
Yo =1+4a2 5.5
40m§) +eo (5:5)

where a? < 1, there exists a point of inflection (¢g) in V(¢#), where

_(meMy >1/ ! 2
o= (522) o), (5.6)
V(o) = 0, (5.7)
at which

V(go) = 1emddh + O(a?), (59)
V'(¢0) = 4a’mi¢o + O(a?), (5.9)

m2
V" (o) = 32¢—¢ +0(a?). (5.10)

0

The Hubble expansion rate during inflation is given by [2, 4]

1 m¢<;50
Hr~—— . 5.11
inf \/4:»5 Mp ( )
The amplitude of the initial perturbations and the spectral tilt are given by:
8 M¢M 1 .
oy = —— L — sin® VA2 5.12
H /o ¢3 A2 sin“[Ncosg ]y ( )
and

ns =1—4VA? cot[NcoseV A%, (5.13)

respectively, where

M

A? = 9000 N pg (@f’) : (5.14)

In the above, Ncogg is the number of e-foldings between the time when the observation-
ally relevant perturbations are generated till the end of inflation and follows: Ncog ~
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Figure 5. Blue region depicts the parameter space for inflation where it yields the right amplitude
of density perturbations in the CMB, i.e. Pr = 2.196 x 1079 and the +10 variance of the spectral
tilt, ng = 0.9606 £+ 0.0073. The brown lines show the running of the inflaton mass, where they
intersect with the blue region depict the correct relic abundance, 0.1118 < Qo h? < 0.128 [1], and
strongly first order phase transition. From these intersections, a, b, ¢, d we can determine the masses
of the inflaton at the inflationary scale ¢y. The running of the inflaton mass is mainly determined
by the bino and gluino masses, see table 2.

66.9 + (1/4)1n(V(¢0)/M;L) ~ 50. Since inflaton is made up of squarks, reheating and ther-
malisation happens instantly as showed in ref. [84]. The reheat temperature at which all the
degrees of freedom are in thermal equilibrium (kinetic and chemical equilibrium) is given
by Tpp = (120/157r2g*)1/4 \/m, where g, = 231.5 is the relativistic degrees of freedom
present within NMSSM. Since all the physical parameters are fixed in this model once we
determine the soft SUSY breaking mass, mg, the estimation of the reheat temperature can
be made rather accurately.

5.2 Parameter space for inflation, dark matter and baryogenesis

Since the requirement for a successful baryogenesis implicitly constraints the right handed
squark, i.e. ug, we can assign the flat direction combination to be: ﬂzgjc?k, where i = 3 and
ik w

We can then use the RGEs for the udd flat direction, in order to relate the low energy
physics that we can probe at the LHC with the high energy inflation, which is constrained
by the Planck data. The RGEs for the inflaton mass and the A,-term are given by [4]:

_dm? 1 2
f dﬂ¢:_6772<4M§g§+5M129%>’

5.15
_dA, 1 /16, 8 (5.15)
Md/} = T2 §M393+5M191 ;
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Parameter a b c d Constrained by
A 0.06405 | 0.06520 | 0.10418 | 0.02906 1%t order phase transition
Ax(GeV) 1127 524 772 796 1%t order phase transition
tan 3 2.659 2.042 2.276 2.123 1%t order phase transition
ter(GeV) 165.214 | 142.985 | 176.515 | 137.963 1%t order phase transition
Q%9h2 0.119 0.112 0.124 0.112 Dark Matter abundance
M0 (GeV) 61.17 119.2 59.8 126.3 Dark Matter abundance
M;(GeV) 2151 2006 1375 1084 Inflaton RGE
M3(GeV) 5269 4986 4281 861 Inflaton RGE
$o[x10')(GeV) | 3.5 —3.8 | 42—4.6 | 5.3 5.7 | 6.6 — 7.3 | CMB temperature anisotropy
mg(GeV) 1425 2120 3279 5349 CMB temperature anisotropy

Table 3. We show the benchmark points that are depicted in figure 5. The gaugino masses
which enter in the RG equations are mainly sensitive due to different M; and Mjs. The parameters
A, Ay, tan B, ues are constrained from baryogenesis point of view, and this in turn uniquely determine
the mass of the lightest stop which sets the mass for aggi;gi; inflaton candidate (3 # i # j). Once
again we reiterate that without our approximation scheme, the constraints on baryogenesis would
be significantly less strict. The mass of the inflaton is given at the inflationary scale ¢q.

where 1 = figp = ¢ is the VEV at which inflation occurs, M; and Mz are U(1) and SU(3)
gaugino masses, and ¢; and g3 are the associated couplings.

To solve these equations, we need to take into account of the running of the gaugino
masses and coupling constants which are given by, see [4]:

M;
Bgi) = g} B<g2> =0, (5.16)
with a; = 11/167? and a3 = —3/1672. Since from eq. (5.4), we know the mass of the

inflaton at the electroweak scale, by using the RGEs we are able to evolve it to the high
scale ¢, where inflation can happen. This can be seen in figure 5. The blue region shows
the parameter of ag(i;(jk as an inflaton for j # k # 3. It includes central value of density
perturbations together with +1¢ variation in spectral tilt ng. The brown lines show the
mass of the inflaton at a particular scale and its running from high scale to low scale is
determined by the RGEs, and it is mostly sensitive to bino and gluino masses.

In figure 5, we show the four benchmark points, a, b, ¢, d, which satisfy the condition
for a successful baryogenesis, eq. (3.13), and also accommodate neutralino as a dark matter
which satisfies the relic abundance constraint 0.1118 < Q??h2 < 0.128. In table 3, we
summarise the relevant parameters for NMSSM required to explain the Universe beyond
the Standard Model.
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6 Conclusions

In this work we examined inflation, baryogenesis and dark matter in the context of Next-
to-Minimal Supersymmetric Standard Model. We have found that these three important
cosmological requirements can be simultaneously accommodated by the theory. In par-
ticular, we have shown that a strongly first order phase transition can be easily achieved
even with recent LHC constrains applied. Then we demonstrated that an abundance of
lightest neutralinos can be generated thermally which satisfies the present dark matter
density limits. Part of these model points also pass the most stringent dark matter direct
detection constraints. Finally, we have shown that the presented scenario is fully consistent
with inflation, where the inflaton is a D-flat direction and it is made up of right handed
squarks. The visible sector inflation would explain not only the temperature anisotropy of
the CMB, but also all the relevant matter required for baryogeneis and dark matter.
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A Solving the toy model

The first derivative with respect to (? is

oV 3T.E -
2 2 2 c 3 4
= = M2(T)p? — 222 by
o (T, 5 ¥ T Ave
~2 4 2 2.2
@t (2my + Nz) (A1)
(m2 + \2p?)?

Using the condition that the potential at the critical VEV is equal to the potential at

5067Tc

¢ = 0 we have a second equation

2 2 3, A 4 a*p;
c  _
M(Te)p; — TEp; + 2% T T iag? 0. (A.2)
We can then use eq. (A.1) and set it to 3/2 times eq. (A.2) to get
2 7/ 2a2m2 >‘2(~12304
T2+ M? = 7¢ (X~ : c A3
azeart =5 (0 i) ey )

Finally we can set eq. (A.1) equal to eq. (A.2) to get a second equation
2a*m;p;

ET,@2 = pt — ———57¢
FeT e m N2y
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We can then divide both sides of the above equation to obtain

2
s A5
(2 + X2 (A2

- 262
Fy=A— a‘m

To solve this we use the ansatz ¢? = %(—mg + ) and it is straight forward to show that

1 a2m?2
2= | —mZ+ /2= 5 ) A6
QOC )\2 ( S )\ . ny ( )

Consider the first term on the right hand side of eq. (A.3). It is proportional to 7. Using
this and dividing both sides by ¢? we have
s G AE A2a2p?

_ G 1E - AT
V=2t ey (A7)

C

We then use eq. (A.6) to get the following equation

A a(\ — 7E) e
0=-Z+~vFE—cy* + + ——
2 \/§m5 —m?2 + 26ems
S A—E
= F(v) (A.8)

as required.
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