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Abstract: In this work, we make the first study of electroweak baryogenesis (EWBG) based on the LHC data in
the CP-violating next-to-minimal supersymmetric model (NMSSM) where a strongly first order electroweak phase
transition (EWPT) is obtained in the general complex Higgs potential. With representative benchmark points which
pass the current LEP and LHC constraints, we demonstrate the structure of EWPT for those points and how a strongly
first order EWPT is obtained in the complex NMSSM where the resulting gravitational wave production properties
are found to be within the reaches of future space-based interferometers like BBO and Ultimate-DECIGO. We further
calculate the generated baryon asymmetries where the CP violating sources are (1): higgsino-singlino dominated,
(2): higgsino-gaugino dominated or (3): from both sources. It is shown that all three representing scenarios could
evade the strong constraints set by various electric dipole moments (EDM) searches where cancellations among the
EDM contributions occur at the tree level (higgsino-singlino dominated) or loop level (higgsino-gaugino dominated).
The 125 GeV SM like Higgs can be either the second lightest neutral Higgs H2 or the third lightest neutral Higgs
Hs. Finally, we comment on the future direct and indirect probe of CPV in the Higgs sector from the collider and
EDM experiments.
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1 Introduction by Planck [3],

. _ . V=2 = (8.6140.09)x 10", (1)
The standard model (SM) of particle physics provides s

a satisfactory description of particle physics phenomena
over the past few decades together with the discovery
of the Higgs boson |I, 2], a key element to the elec-
troweak symmetry breaking mechanism. However the
theory is not yet perfect since the SM can not provide a
dark matter candidate and furthermore can not explain
the baryon asymmetry of the universe (BAU). The BAU
is traditionally characterized by the baryon to entropy
density ratio and has been measured to a high precision

Among the various baryogenesis mechanisms, the elec-
troweak baryogenesis (EWBG)[4] is among the most
theoretically well motivated and experimentally testable
scenarios since it connects BAU generations to the details
of the electroweak symmetry breaking (see [5] for a recent
review). According to Sakharov [6], generation of a non-
vanishing baryon asymmetry requires three ingredients
in the particle physics of the early universe: baryon num-
ber violation, C and CP-violation (CPV) and out of equi-
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librium conditions. In the framework of of EWBG, the
non-equilibrium environment for baryon generation is
provided through a first order electroweak phase transi-
tion(EWPT). Even though the SM provides baryon num-
ber violation through the electroweak sphaleron process,
it fails to provide a first order EWPT with a 125 GeV
Higgs as well as a large enough CPV for sufficient baryon
generation. Physics scenarios beyond the SM, with the
capability of providing a first order EWPT and with new
sources of CPV, are therefore resorted to for a successful
baryon number generation.

Among the various new physics scenarios, the super-
symmetric theory is among one of the most popular and
intensively studied models due to its theoretical attrac-
tions that it can solve the gauge hierarchy problem, has
the dark matter candidate, leads to strong-electroweak
gauge unification and also can potentially explain the ori-
gin of baryon asymmetry in the universe. The minimal
supersymmetric standard model (MSSM) accommodates
two Higgs doublets, where the lightest of neutralinos can
serve as a dark matter candidate and it can also pro-
vide new sources of CPV needed for baryon asymmetry.
However the MSSM suffers from the y-problem [7-9] and
it is also hard to obtain a strongly first order EWPT
(SFOEWPT) in this model [10-13]. Both of these prob-
lems can be solved in a minimal way by extending the
MSSM with an electroweak singlet chiral superfied. This
is known in the literature as the next-to-minimal super-
symmetric standard model (NMSSM) |14, [15]. With this
addition of the extra field content, the particle spectrum
of NMSSM now accommodates two extra scalars giving
then a total of five neutral scalars and a pair of charginos.
This makes it quite easier to obtain a SFOEWPT in
this model which has been studied in the CP conserv-
ing case |16-25]. Besides, there can be CPV at tree
level from the new interactions in contrast to the case in
MSSM where CPV occurs at loop level. This new CPV
in NMSSM is manifested in terms of a tree level mixing
between the set of three CP-even scalars and the set of
two CP-odd scalars, similar to what happens in the two
Higgs doublet model [26-29]. With the presence of these
two kinds of CPV sources, there appears the chance in
the parameter space that their CPV effects cancel [30]
in contributions to the electric dipole moments (EDM)
of electron, neutrons and atoms, etc,. and therefore can
evade the stringent constraints from null search results of
the EDMs. Moreover, even though the studies of BAU in
the context of MSSM and in the NMSSM have been per-
formed in the literatures [31, 132], a joint analysis with
these two different origins of CPV is still lacking. We
therefore make an updated study of the EDM and BAU
phenomenologies with these two different CPV sources
taken into account. Furthermore, with the addition of
the gauge singlets as well as the inclusion of the CPV

in the Higgs potential, the effective potential is now of
relatively high dimension and this can potentially leads
to a rich structure of phase transition patterns. In par-
ticular, the phase transition does not necessary proceed
through one step to the electroweak vacuum and gen-
erally need multiple steps |19] for this to happen which
therefore deserves a detailed scrutiny. In addition, after
the discovery of the gravitational waves from merging
black holes detected by LIGO [33], there has been in-
creasing interests in the discussions of the gravitational
waves from the EWPT in various new physics models
(see Ref. [34] for a recent review). Therefore it deserves
a similar study in the NMSSM to augment the analysis
of the baryogenesis and EDMs.

The rest of this paper is organized as follows. We first
introduce our conventions for the complex NMSSM in
Sec. 2l We explore the phase structures of this model in
Sec. [Blwhere the impact of CPV on the EWPT is studied
with representative benchmark parameter space points.
We then present the properties of gravitational wave sig-
nals generated during the EWPT for these benchmark
points in the following Sec. @ We perform a joint analy-
sis of the baryon asymmetry in the framework of EWBG
and the constraints from null searches of EDM in Sec.
and briefly comment on the collider probes of CPV in
Sec. [B] after which we give the summary in Sec. [7]

2 The CP-violating Higgs sector

We consider the Zs-invariant complex NMSSM in
which the Higgs superpotential and the soft supersym-
metry breaking terms are given respectively by |14]

Wit =ASH,- Hi+ 257, (2)
1
AL ONH, HyS3rA S he., (3)

with here the fields with a hat being chiral superfields
and those without a hat being the corresponding scalar
components. Here the limit x — 0 corresponds to the
Pecci-Quinn limit. Collecting the F-terms from above
superpotential Wyiges, the Higgs interactions from AL
and the D-terms from the Higgs gauge interactions, one
obtains the tree-level Higgs potential:

Vo=Ve+Vo+Viotes (4)
and each of above contributions is given explicitly by,
Ve=|\?S|2(HHa+HH,)+|NH, Hy+£S??,

:£+ﬁ(

Vb 3

2
H Y Ho— HH,)* +5 (HH,) (] Hy).
Vot =y Hi Ha+miy HIH,+m3|S|

1
+()\AASHU-Hd+§/£A,§S3+h.C.). (5)
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We take here the parameters A\, A,, k and A, to be
generically complex as opposed to the CP-conserving
case where these parameters are real. Thus these com-
plex parameters provide additional sources of CPV aside
from those originally appearing in the MSSM case.

After the electroweak symmetry breaking, two fur-
ther phases #° and 6% appear in the expansion of the
Higgs fields about the vacuum expectation values(VEVs)
of the neutral components of H, , Hy and S which are
defined with the following convention [19],

1
— (vq+hq+ia
Hd: \/i(d ¢ d) 9

ba
o
Hy =™ L(U +h,+iay,)
\/5 u u u
0102 '
S = —(U5+h5+las). (6)

V2

Here v, and vq are the VEVs of H, and H, respectively,
hu, ha, hs are the CP-even scalars, a,, aq, as are the CP-
odd scalars and we have removed the phase of Hy by the
gauge transformations. Then, the effective higgsino mix-
ing parameter in NMSSM is given by u=|\|v.e'®s //2
with ¢,=0%+¢,.

For translating into physical parameters, three of the
minimization conditions about the VEVs allow us to re-
place the soft mass parameters my, , m7 and m% by
V4, Vg and vg while the remaining three conditions yield
relations among the complex parameters indicating that
the CP phases are not all independent. Considering this,
we follow Ref. [19] and introduce the following notations
to make our discussions independent of the phase con-
ventions,

R = |M|s[cos(¢\—¢), T=[A|x|sin(¢\—¢,),

Al|A , AlAAl .,
Ry = %Cos(%\‘fﬂmﬁv I/\:%Sm(%\‘i‘(fm))a
R, — |k Axl |6 Al

\/5 COS(¢;+¢AK ) ) I,= 7 Sin(¢;+¢AN ) )

(7)

with here ¢\ = +02+0%,¢,. =0, +30% and ¢, da,, ¢,
¢4, are the phases of A\, Ay, k, A, respectively. Here
I, and I, denote the CP phases of the first and second
terms in the soft SUSY breaking Lagrangian and due
to the minimization conditions, they are related to the
single CPV source Z by

1 3 Vg,
AT TS 2" ug

(8)

So there is only one physical CP phase at the tree level:
¢ \—¢’. while ¢\ +A, and ¢ +A, can be determined from
this up to a two-fold ambiguity. However above con-

ditions face modificatioins by loop corrections and this
will be discussed in the one-loop effective potential in the
following.

With the presence of the Higgs sector CPV corre-
sponding to ¢} —¢! #0, the neutral Higgs bosons need
not carry any definite CP parities already at the tree level
and their mixing can be described by an real orthogonal
5x5 matrix O as

(¢5,¢°,¢%,a,a5)" = Oni(Hy,Hy,Hs, Hy  Hs)", (9)

with here H, ) defined as the lightest (heaviest) Higgs
mass eigenstate, a = aqsinfS+a,cosf and the massless
Goldstone boson Gy = a,sinf —aqcosf decouples from
above scalars in the quadratic terms. This mixing con-
stitutes the most significant difference compared with
the MSSM case, in which the CPV can only be induced
at one-loop level, mostly through loop corrections to the
Higgs self-energy, from the phase of the soft SUSY break-
ing trilinear couplings A,,Aq4,A. of the up-type, down-
type and charged lepton-type sfermions, as well as the
soft SUSY breaking mass parameters of the gauginos
M;,M, and M3. To capture the main features of EDMs
and EWBG, we study the scenarios with the tree-level
CPV phase coming from ¢, and the loop-level induced
CPV phase being ¢, =¢,—dar,. To describe the EDMs
properties clear, the three phases of ¢, ,, s, Will be used
as input parameters in the numerical analysis of Sec.

3 Electroweak phase transition

The phase structure of the model is governed by the
finite temperature effective potential V., composed of
the following contributions,

Ve =VireetVow+Vor+Vr. (10)
Firstly, the tree level effective potential V. is given by

Eq. @),

1 1 1 92+g3
Viree =5 M1, Pat 5 M, Pt 5meeit =55 (9i—¢3)’
|A[2 A K 9 ’
+T(Sﬁi+¢i)<ﬁ§+ -3¢ 6“<Pd<Pu+§eQ %s %

kA,

)sodsousos+6ﬂei395<p2+h.c.>,

(11)
where @gq,04,¢s,0, and 0g are the background fields of
the Higgs scalars. For convenience of the calculations of

EWPT, we construct the 5-dimensional (5D) order pa-
rameters of EWPT [19],

Ay
+ 7_62(9u+95
S

©i=(¢d,PucosAb,, 0, sINAb,,pscosAbs,pssinAbg),
(12)

with here Af,=60,—0° and Afs=05—0%. Using these
parameters and with the definitions in Eq. (@), the the
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tree-level contribution can be rewritten as
1 1
2 2 2
2 2 2
+92;291 (¢?*¢§*¢§)2+%(¢i+¢§)2
[AI”

+- (@3 +05+03) (03 +02)+0T(P5+03)]

+Ryp1 (0305 —0204) F 101 (2005 +0304)

1 1
+§Rn@4(@i_3@§)+§h§05(903_3905)

1
- 5@1R(@2(¢i—¢§)+2¢3¢4@5)

1
Vivee =5m%, 01+ 5m (93 4+95)+5me(pi+¢3)

1
+§¢1I(¢s(soi*s0§)f2<p2so4<ﬁs)- (13)

The second part in the effective potential is the one-
loop Coleman-Weinberg potential Vow [35], given by

2/ =

Vcwzzﬂm?(‘ﬁ) [lnmi—f")—ci] :

6472 (14)

where ¢ runs through all particles in the model, with
degrees of freedom n;, field-dependent mass m;(F) and
spin s;. The above result is given in the Landau gauge
with renormalization scale Q and the constant c; is
5/6 for gauge bosons and 3/2 for the others. With
above Coleman-Weinberg potential included, the tadpole
conditions are modified by these one-loop corrections.
Hence, the counterterms Vor are introduced to preserve
the tree-level relations for VEVs [36], i.e.

OVer o OVew
I, I,

where it is sufficient to include the following terms in
VCT:

; (15)

VEVs VEVs

1 1 1
Vor=50mi, @i+50my, (93+¢5)+50ms(ei+el)
+015p1 (p2t05+0304). (16)

The last piece in the effective potential is the thermal
corrections Vr at the one-loop level [37],

T o0
VT:ﬁ;(_l)Qsini/o dwﬁln(l;e*\/m).

(17)
Note these lowest order thermal corrections need to be

improved by daisy resummations [38, 139] at high tem-

peratures when the perturbative expansion of the po-
tential fails. This in practice can be done by inser-
tions of thermal mass corrections, m? — m?+d6m?, in
Eq. (I7) [36]. Here, we note that the Goldstone con-
tributions may leads to a negative m? which has been
treated as in Ref. [40].

With the finite temperature effective potential given
above, the phase structure of the model can be readily
obtained by searching for its minima at each step as tem-
perature drops. The basic picture of the phase evolution
is as follows. At sufficiently high temperature, the uni-
verse sits at the origin of the 5D field space where the
electroweak symmetry is manifest.

As temperature drops, other minima will develop in
this space and the universe will transit to the lower mini-
mum. Depending on the presence or absence of a barrier
between these two adjacent minima, this phase transi-
tion is classified as first order or second order respec-
tively. The phase transition occurs through nucleations
of the bubble within which the lower minimum is devel-
oped [41+43]. The bubbles expand, collide and coalesce
with each other leaving eventually the universe in the
vacuum of the lower minimum. During this process, the
temperature at which these two minima are degenerate is
the critical temperature T¢. For baryon asymmetry to be
generated within the non-equilibrium phase boundaries,
the phase transition that is connected to the electroweak
symmetry breaking needs to be strongly first order to
sufficiently quench the weak sphaleron process inside
the bubble and thus to preserve the generated baryons.
This generally translates into the widely adopted criteria
dew(Te)/Te21 [44-46] where ¢pw=+/@2+p3Y.

Due to the addition of the extra scalar singlet and
the inclusion of CPV in the Higgs potential, the field
space is of relatively high dimension and thus the phase
transition history can be of quite rich structures [19] and
typically have a two step EWPT [25, 48-56]%. Due to
the relatively large parameter space of this model, we
seek here only representative benchmark points to illus-
trate the phase structures while a more comprehensive
analysis of the model parameter space is deferred to fu-
ture works. In order to show the effect of CPV to the
EWPT, here we present and compare two representative
benchmark points corresponding to the CP-conserving
and CP-violating cases respectively,

1) Both the ¢pw(Tc) and T¢ involve gauge dependence issues [47]. One should keep in mind that we analyze the EWPT in Landau

gauge when interpreting our results.

2) Notice that those models can be probed through the resonance di-Higgs searches |57-59].
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(color online) The evolution of AV (left) and ¢rw (right) as temperature drops from right to left for the

CP-conserving small tanf benchmark point of Table [l (top). The bottom plots are for the CP-violating case
obtained as described in the caption of Table[Il For the right plots, also plotted are the critical temperature T¢c in

brown and the nucleation temperature 7y, in green.

with the numerical results here obtained using Cosmo-
Transitions [60]. The resulting phase structures for
the CP-conserving case is shown in the top panel of
Fig. [ corresponding to the benchmark point in Table [l
The CP-violating case, which is obtained as described
in the caption Table [Tl is shown in the bottom panel.
For both cases, the right plots show the evolution of
the electroweak background field amplitude ¢gw(T) as
temperature drops from right to left. Here blue lines
denotes the high temperature phases which are all ob-
served to leave the origin continuously, thus signifying
its second order nature. As temperature decreases, the
phases corresponding to the red lines appear and denote
the minima which eventually evolve to the electroweak
minima. During the temperature ranges where these two
phases overlap, the critical temperatures are shown with

brown dashed vertical lines and is 157 GeV for the CP-
conserving case while a slightly larger value of 158 GeV
is found when the CPV is turned on. So the inclusion
of CPV tends to drive the onset of EWPT earlier while
the duration of the high phase is seen to be shortened.
Also shown in these plots are the nucleation tempera-
ture to be defined in the following section. For both
cases, the left plots show the evolution of the difference
of V_g at the high and low phases during the overlapped
temperature ranges, where the critical temperatures cor-
respond to AV =0. As was observed in these plots, the
EWPT for these two benchmark points proceeds through
two steps with the first step being second order and the
subsequent one being first order with its strength be-
ing ¢rw(Tc)/Tc=1.039, consistent with the SFOEWPT
criterion?.

1) For the second step EWPT, the weak sphaleron process outside the electroweak bubble is suppressed compared with that in the
symmetric phase since electroweak symmetry is already broken outside. A benchmark point with a better EWPT pattern could generally
be found from a dedicated scan over the NMSSM parameter space which however is beyond the scope of this work.
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Table 1. The CP conserving NMSSM benchmark point with a small tan, the CPV scenario is obtained by tuning
on CPV phases ¢ar, =0.08 and ¢, =0.08. The PTS represents the phase transition strength given by ¢rw(7c)/Tc.
A u/GeV Ax/GeV K Ak /GeV tan Ay /GeV
0.6 180 335.0 0.13 -99.18 1.5 1402
Ay /GeV Ar/GeV My /GeV M, /GeV My, /GeV PTS(CPC) PTS(CPV)
1539 1502 -601 -102 125 1.043 1.039

4 Gravitational waves

During the first order EWPT, there can be gravita-
tional waves generated, mainly coming from three pro-
cesses: bubble collisions, sound waves in the plasma and
Magnetohydrodynamic turbulence [61] (see |34] for a re-
cent review). The total energy density of the resulting
gravitational waves is approximately a sum of these three
contributions,

QGWh2:Qcolh2+gswh2+9turbh27 (18)

where we adhere to the Hubble constant definition H =
100hkm s~ Mpc~'. The energy spectrums depends on
the electroweak bubble profiles during the EWPT which
corresponds to the bounce solutions minimizing the ac-
tion,

S3(T):/d3:c B(%b)2+V(¢b,T) , (19)

leading to the equation of motion for solving the bubble
profile ¢y,
¢,  2d¢y, OV(¢,,T)

- = 2
dr? Jr?“ dr oy, 0 (20)

In addition, for a bubble to be effectively growing, tri-
umphing the force from surface tension, the following
condition needs to be met [62]

tx %) 2 4
Ldt:/ g 90 Mp, e S3(MV/T 1
o H? ). T \8nmg T ’

(21)

which serves as the definition of the nucleation tempera-
ture T},. This then translates into finding the nucleation
temperature T, such that S3(7.)/Tu|r, =1, ~ 140 [62] is
satisfied. From the bubble profiles and the nucleation
temperature, the following two key parameters o and 3,
relevant for gravitational wave calculations, can be ob-
tained

A d T
= 30 4 ’ ﬂZT* (53/ ) ’ (22)
n2g, T4 T T H, dT To=T,

where in the evaluation of a, Ap is the difference of en-
ergy density between the false and true vacua [22],

d

p(U(Tn)aTn):_V(U(T)vT)'i_TTV(U(T)vT) ) (23)

Te~Ty

and H, is the Hubble constant evaluated at the nucle-
ation temperature T,. With these parameters solved,

one can obtain the energy spectrum of the gravitational
waves.

Firstly for the gravitational waves from the bubble
collision, its contribution can be estimated using the en-
velop approximation [63-65] and results in the following
spectrum [66],

2 2 1/3
Qunh? = 1.67x1075 (H) (ﬂ) (100) /
B 1+o G«
x( 0.1103 ) 3.8(f/ fonv)*®
0.424+02 ) 142.8(f/ fenv)®®’
with here v,, being the bubble wall velocity and x char-
acterizing the fraction of latent heat deposited in a thin

shell, both of which are functions of the previously de-
fined parameter « [67],

1/V/34+/a?+2a/3 0.7150+ 2= \/30r/2
V= ~ .
1 ?

v +a - 140.715

(24)

Moreover f.,, is the peak frequency at present time and
is approximately given by

B p f* 8 T, gy \ /6
Jonn=16.5x10 (F) (H*)(m)(mo) HZ
(25)

Secondly, for the contribution from sound waves, it is
given by

. 2/q 1/3
Quh? = 2.65%10°° o 00N,
B I+a Gs

" (%)(W) (26)

Here k, is the fraction of latent heat transformed into
the bulk motion of the fluid and is approximately given
by £, ~a(0.73+0.083y/a+a)~! in the case of v,,~1 while
for the peak frequency f.,, we have

1 /B T, g. \ /6
—1.9x10°— [ ) (=== ) (L) "Ha (2
Jow=1.9%107 (H)(lOOGeV)(lOO) 2. (27)

Finally the MHD turbulence contributes

H.\ (e 2 /1002
,Q h2 -3 1 _4 * turb
it = sacto-t () (Sa2)  (10) 7,

(f/ frurn)?
T Fea) | P (L8 ) (28)

with here K., ~ 0.1k, and in this case, the peak fre-
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(color online) Left panel: the behavior of S3(7)/T in the neighborhood of the nucleation temperature

Tn=134 GeV as the temperature drops from right to left for the benchmark point of Table. Il Right panel: The
energy spectrum of gravitational waves as function of the frequency generated during the strongly first order EWPT
from three sources: turbulence(yellow dashed line), bubble collision(blue dotted line) and sound waves(brown dot-
dashed line) for the benchmark point of Table. Il The total energy density is shown as a cyan line and is almost
indistinguishable from the brown line since it is dominated by the sound waves contribution in this scenario. The
color shaded regions at the top are experimentally sensitive regions for LISA (two configurations with notation
NiAjMKLI), ALIA (gray), BBO (green), DECIGO (yellow) and Ultimate-DECIGO (purple).

quency fturb iS

51 /(8 T, g« \ /6
—2.7x10°— () (=) (=) T
Foar =2 10770 (H) <1OOGeV) (100) g

(29)

After the discovery of the SM-like Higgs at LHC, the
gravitational waves produced by bubble collision in the
CP-conserving NMSSM has been studied in Ref. [22].
The gravitational waves produced by the bubble collision
and sound waves has been studied later [25]. We explore
the prospects of GW signals for the CP-conserving and
CP-violating benchmarks presented in Table [l Specif-
ically we use the package CosmoTransitions [60] to
solve the bounce solutions and to find the nucleation
temperatures T}, with which we calcualte the parameters
«, B and finally the gravitational wave spectrums. In
this process, we observe that the benchmarks both sat-
isfy the nucleation criterior S5(7T")/T <140 below certain
nucleation temperatures T,. The calculated nucleation
temperatures for these two cases are shown in the respec-
tive plots in Fig. [l with green dashed vertical lines. We
further show the resulting gravitational wave spectrums
for these two cases: Fig. [2] for the CP-conserving case
and Fig. [ for the CP-violating case. In the left plot of
Fig. 2] we also show the profile of S5(T")/T in the neigh-
borhood of its nucleation temperature T, =134.6 GeV for
illustration. In these gravitational wave spectrum plots,
the three individual contributions from bubble collision,
sound waves and turbulence are ploted using blue dot-

ted, brown dotdashed and yellow dashed lines with their
sum denoted by a solid cyan line. In each of these cases,
the sound wave contribution dominates and is almost
indistinguishable with the cyan line. The color shaded
regions in these plots are the experimental sensitivity

10-4

% 1014 BBo
&
10- 19
10-2
10°3 10-4 0.001 0.010 0.100 1
f(Hz)
Fig. 3. (color online) The gravitational wave en-

ergy spectrums for the small tans = 1.5 case
NMSSM with CPV corresponding to Table [Iland
the bottom plots in Fig. [l The plotting conven-
tions are the same as that in the right plot of
Fig.
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regions for several proposed space based interferome-
ters: LISA [68] with two design configurations in no-
tation NiAjMKL1 |61, [69], BBO, DECIGO (Ultimate-
DECIGO) [70] and ALIA [71] For the CP-conserving
case corresponding to Fig. 2| the gravitational wave
energy spectrum falls within the sensitivies of BBO
and Ultimate-DECIGO while unreachable by the others.
Turning on CPV as plotted in Fig. Bl the magnitude of
the energy spectrum decreases a little bit and can barely
be detected by BBO.

We note again that, these benchmark points pre-
sented here only constitute a tiny fraction of the whole
parameter space of the NMSSM and therefore there
might be other parameter space points which can give
significantly enhanced GW spectrum. Exploration of
this vast parameter space however requires a significantly
improved calculations of the bounce solutions, a task
which we will defer to future works.

5 Anatomy of BAU and EDM

In this section, we study the explanation of BAU in
the framework of EWBG under the constraints of EDMs
measurements. Typically, we focus on the CPV phases
coming from tree level and loop level together.

5.1 The Electroweak Baryognesis in the CPV
NMSSM

With the tree level CP-phases taken into account,
there are in general three different CPV source terms
in the quantum transport equations governing the dy-
namics of the particle densities in the framework of the
closed-time-path-formalism (CTP) (see Ref. [72] for ped-
agogical discussions). Under assumptions of chemical
equilibrium of Yukawa interactions, strong sphaleron and
gaugino interactions, the set of coupled transport equa-
tions can be reduced to a single equation of H [72-74],

v, H'(2)—DH'(2)+'H(z)—S=0, (30)

where a one dimensional picture of the expanding bub-
ble wall assumption is chosen as usually adopted in the
literature to simplify the calculations, v, is the bubble
wall velocity and z is the spatial coordinate perpendic-
ular to the wall in the frame where the wall is at rest
with negative values of Z corresponding to the symmet-
ric electroweak phase (bubble exterior). It should be
note that the wall velocity for the gravitional wave and
baryogenesis studies should be different due to the the
fist one require a relatively larger v,, in comparison with
the latter one. The v, for the calculation of gravational
wave and baryogenesis can be different when taking into
account the hydrodynamics of the bubble |75, [76], the
consistent calculation can be performed with the one for
gravational wave being the speed of the wall and the one
for the calculation of baryogenesis being the relative ve-

locity between the wall and the plasma.

In the above equation, the quantities D, I" and S are
the effective diffusion constant, effective relaxation rate
and effective source term for H(Z) respectively and the
explicit formulae are |73, |74],

Dy+Dq(kr—£8)+DrkL

D= 31
1+/€T7KB+HL ( a)
A I, I,
_ h+ mt+ mb+ 'm‘r7 (31b)
ky(14+Kkr—Kp+kL)
_ 8P 487P 8PP ger
§="m 7t T TT7 (31c)

1+Kr—Kp+KL

Here the Higgs rate I3, is

6
Fh:ﬁ (Fgrws+Tgowo+ T gogo+ 1 05), (32)
and the relaxation rates for the stop, sbottom, and stau
cases could be computed following Ref. [72-74, |77, [78].
The contributions from the Higgs sector CPV are sum-
marized in the quantity S?{P given by

SEP = SCP (1) +S%F (2)+SLE (33)

SHO?

Here the first term Sgi is the gaugino-higgsino driven
CP-violating source term and can be computed in the
vev insertion approximation from a tree-level wino W+
mediation. The result is given by [72]

2 e} 2

N I . dkk

SE0 () = Lo ) Mypising x /O e
T ”F(gw)”F(Eﬁ)_nF(gw)JrnF(gﬁ)]
(Ew—E%)? (Ew+em)? |

(34)

where 3(z) = dB/dt and can be approximated by S ~
vywAB/L, with here v, being the bubble wall velocity,
L, the wall width and AfS the difference of the value
B(x) outside and inside the bubble. So above source
term grows linearly with AS and our choice is optimal.
This dependence of AS is to be regarded as a theoretical
uncertainty and the precise determination of AS in the
NMSSM is however beyond the scope of this work. For
the more precise calculation, the profiles of the bubble
wall and the profile-dependent masses and widths should
be taken into account when solving the quantum trans-
port equations during the EWPT.

The second term Sgop(ac) in Eq. (33]) denotes the con-
tribution from the neutral higgsino mixing terms and the
corresponding result for W and B intermediate states
can be obtained from Eq. ([B34) by the replacements:
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92—92/V2 and go—g1/V2, wy —ws, T — T,

2 : [ dkk?
SEE () = S2sula)?Ba) Mapsing, x |
0

2m? WhHWw
T e Catear

2 e} 2
+£v(z)25(z)M1usin¢ux/ dkk
0

272 WHWE
(16 (&) e (ER) e (Ep)+nr(Ex)
xm (Es—€5)°  (Es+€q)’ }
(35)

Since these above two source terms depend on sing;,
and therefore they vanish when the phase ¢/, is set to
zero. For further notations about the quantities appear-
ing here, we refer the readers to [72]. We note that in the
NMSSM, these gaugino-higgsino sources driven EWBG
have been studied in [32], wherein tree level CP phases
are all imposed to be zero [73]. The third term in Eq. (33)
is the higgsino-singlino driven CPV source and has been
studied in Ref. [31],

S?go:72|)\|2|M§||/L|U2ﬂ-sin(¢)\*¢n)z§ﬁ07 (36)
where
A2 10
|M3(T)|= 2|H|QU§+MT2 (37)

8 k)
including the singlino thermal mass term. Here we have
assumed that there is no spontaneous CPV and the func-
tional form of the Fermionic source function Ig 50 can be
found in Ref. [31]. It is obvious from Eq. (B8] that S?go
vanishes when the phase combination vanishes, that is,
when sin(¢y—¢,)=0.

Aside from the Higgs sector CP-violating source
terms in Eq. (33)), we also included the source terms from
sfermion sector:

Nly3 2oy [ kR
S?P(l’): 27.[Zf Im(‘LLAf)fU2(1')ﬂ(CL')/O S:iL
ne(Er)—ns(EL)  ne(Er)+ns(lL)
xIm (&L —En)? (EL+Er)? ]
(38)

Since the source terms are negligibly small for z<—L,,/2,
and that the relaxation terms have the approximate form
I['(2)=0(2)T, the solution of H in the symmetric phase
accepts the following solution from Eq. (30),

H=Ae"*/P. (39)
with the prefactor given by
oo 0 _
e +Y v e~ vwy/D
A:/dySy— +/dySy< + >,
) G- 0 (ot
0 —Lw/2
(40)

where the usually encountered factor ~ is,

1 / — _
’}/i:ﬁ <Uw:l: U30+4FD> .

With the profile for H solved under previous assump-
tions, the profiles for the other particle densities can be
obtained. In particular the left-handed Fermionic charge
density, which serves as the source for the weak sphaleron
process for generating the baryons, can be obtained,

kqy kp—kr k,  krDg )

a=Hx 12 L -
et X <kH ks+kq+kr Lk?H ky, Dy, +kgr Dr
(42)

The left handed density gets converted into a baryon
density np through weak sphaleron transitions. The ob-
tained baryon number density in the electroweak broken
phase is a constant given by [79],

(41)

0

FWS
nB:fSU /dznleft(z)e

— 00

1

o

Lws ,

g (43)

#

In above formulation, we have used the approximation
that due to the much smaller weak sphaleron rate I,
and thus the rates for both the creation of n,. and its
diffusion ahead of the bubble wall, above Eq. {3 is usu-
ally decoupled from the set of diffusion equations.

5.2 CPV Phases v.s. EDM in CPV NMSSM

In the MSSM, the CPV could only occur at loop
level. Assuming mass hierarchy between the first two
generations of sfermions, sleptons and the third gener-
ation, the EDMs could be dominated by the Barr-Zee
diagrams. Details on this case can be found in our pre-
vious work [30]. When the phase combination ¢}—¢’. =0
and the phases of A,,Aq,A., M1, M,,M; are nonzero, the
CPV in NMSSM occurs at loop level just like the CPV
MSSM case, and the constraints from the EDMs mea-
surements are supposed to be smaller than the case that
CPV occurs at tree level. In this situation, EWBG could
be dominated by the higgsino-wino mixing CP-violating
source, i.e., Eq. (34 BH). For the case of phase combina-
tion ¢} —¢. #0 and the phases of A,,Aq,Ac, M1, M, M;
being zero. The CPV of NMSSM could occur at tree
level and the EWBG is driven by the higgsino-siglino
CPV source, i.e., Eq. B0). It should be mentioned that,
the cancellations of the theoretical predictions of electron
EDM (eEDM) between the CP phase at tree level and the
one at loop level may help evade a lot of the parameter
spaces from the stringent ACME2013 constraint [80], as
will be explored with the CP phases of the Higgs sectors
(¢, ¢,) and chargino sector (¢ar,). P, characterizes
the couplings of H—y*—x* and thus determines the mag-
nitude of W-loop contribution to Barr-Zee diagram of
eEDM. It should be mentioned that, the phase ¢,, also
plays an important role in the coupling of W*—y*—x°,
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Fig. 4. (color online) The combined plots of the eEDM and BAU in the plane (¢«,$. (s, )) with ¢dar, (¢,.) =0 for

the scenario that H> is the SM-like Higgs in the CPV NMSSM. In both plots the green regions are excluded by
the current eEDM experiments, the gray regions are excluded by requiring mpg, to be close to 125 GeV while the
orange regions are favored by the BAU results. For the contours, the blue, cyan and pink dashed lines represent
the magnitudes of top quark, charginos and W boson loop contributions of the yH Barr-Zee diagrams of eEDM.

The other parameters are chosen as in Table [T

thus a larger magnitude of ¢,;, might make a larger con-
tribution to eEDM through the Barr-Zee diagrams with
YWEWTF coupling |81)].

5.3 Numerical analysis of EWBG and EDM

In this section, we calculate the Higgs spectrum us-
ing NMSSMCALC |[82], implement the EDM analy-
sis with the similar approach as Ref. [30], and show the
combined results of EWBG and EDMs for two typical
scenarios after imposing the constraints from Higgs-
Bounds [83]: the CPV NMSSM with a small tang and
the CPV NMSSM with a moderate tanS (the semi-PQ
limit case with k= 0). In both scenarios, we vary the
imaginary parts of M,, u and x to study the different CP
phases of ¢ur,, ¢, and ¢,, thereby taking into account
both loop and tree level CPV effects. In both cases the
neutron EDM [84] and Mercury EDM experimental con-
straints |85] can be satisfied for parameter spaces shown
in the figures?.

For the eEDM calculations in above two benchmark
scenarios, both cases embrace the same property, that is,
the top, W- and chargino- loop Barr-Zee diagrams domi-
nate the eEDM contributions and the cancelation among
these makes the magnitude of eEDM falling into the al-
lowed regions set by the experiment ACME 2013. We
perform the numerical analysis of eEDM in the scenar-
ios that mpy, or mpy, is the SM-like Higgs respectively.
For the scenario with my, being the SM-like Higgs, we
explore the case with a small tan5 =1.5. At last, the
PQ-limit case with a relatively moderate tan and with
A> kK is studied in the parameter space of ¢y, and ¢,.

5.3.1 H; as the SM-like Higgs with a small tanp

In this section, we study the scenario of H, being
the SM-like Higgs and work with a small tang = 1.5.
We investigate CPV physics in the parameter space
of (¢pn,Pn,) and (¢,,¢,). Different from the case of
Ref. [30], here the eEDM is mostly dominated by the
H, and H; mediated Barr-Zee diagrams contributions.
In this case, the pseudo-scalar a, constitutes the main
proportion of Hs, and the H, is dominated by h, with
as being another leading mixture component.

The left plot of Fig. d depicts that there is an over-
all larger parameter space in the plane of (¢,.,¢,) where
all the physical constraints are satisfied. The require-
ment of a H, mass close to 125 GeV excludes the re-
gion with relatively large ¢,. As for the BAU allowed
regions, we can see it is characterized mostly by the hor-
izontal ¢, and is not so sensitive to ¢,. This is be-
cause the higgsino-singlino CPV source drives the gener-
ation of BAU in this case, i.e., the CPV source given by
Eq. BBl and the same for the case of the middle plot of
Fig. @ For the eEDM constraints, the exclusions locate
at the lower-left and upper-right corners leaving the band
between them as viable parameter space. The appear-
ance of this viable band between two excluded regions is
again due to a cancellation among the three contributing
parts (top quark, charginos and W boson loop contribu-
tions of the vH Barr-Zee diagrams), which are plotted as
contours to help understand the behavior of the eEDM
constraints. More explicitly, the magnitude of both the
top and W contributions decrease as ¢, increases or as
|| decreases. However the W contribution comes with
a minus sign and therefore these is a partial cancella-

1) If we decrease the current neutron or Mercury EDM upper bound by an order of magnitude, in both cases all parameter spaces
shown in the paper are ruled out, which indicates that those region will be probed in the near future by EDM experiments.
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tion between these two parts. The third part from the
chargino contribution increases from a negative value to
a large positive value as one goes from the lower-left cor-
ner to the upper-right corner. The net effect from all
these three contributions gives a negative eEDM at the
bottom-left corner of this plot and is excluded by exper-
iment. This negative EDM increases gradually to zero
and increases to a larger positive value as ¢, increases
and as |¢,| decreases. Therefore a eEDM allowed region
is left at the middle of the plot which turns out hav-
ing relatively large overlap with the BAU and the mass
allowed regions.

If we change the signs of ¢, and ¢,, we then obtain
the plot in the middle panel. In this case, the shape of
the excluded region from the mass requirement on my, is
changed while the BAU allowed region shows similar be-
havior as previous case and is determined mostly by ¢,.
For the eEDM constraints, once again, we observe can-
cellations among the three main contributing parts and
the behavior of which can be understood with the help
of the plotted contours of individual parts. Putting all
these constraints together, we can see there is sizable pa-
rameter space in this plane where all physical constraints
can be satisfied.

The right plot shows the constraints in the plane
(¢n,Pr1,) where we observe no 125 GeV Higgs mass ex-
clusion. As for the eEDM experiment exclusions, it is
only the upper-left corner that is excluded while the ma-
jority of the parameter space gives an eEDM prediction
that is compatible with the experimental limits. This
behavior once again results from a cancellation among
the three contributing parts. We can see there is a large
parameter space that is compatible with all physical con-
straints in this case. Different from the the left and mid-
dle plots cases, here the higgsino-singlino CPV source
Eq. (88) and higgsino-gaugino CPV source Eq. (84) and
Eq. (33) together determines the BAU allowed regions.

5.3.2 Hj as the SM-like Higgs for a moderate tang

In this section, we study the CPV scenario of NMSSM
in the phase plane of (¢,,¢a,) with the Hs being iden-
tified as the SM-like Higgs in the approximate PQ limit
(k~0). In this scenario, H, is dominated by h, H, is
dominated by a,, and Hj is dominated by h,"”. The
H, 5 3 mediated Barr-Zee diagrams dominate the eEDM,
all three Higgs are mixture of CP-even Higgs and the
CP-odd as.

In this case, the mass of the SM-like Higgs my, is
characterized by ¢, and increases from 126 GeV to 127.5
GeV as ¢, varies from the right side to the left in the
region of Fig. Bl Different from the scenarios of the last
section, the BAU is determined mostly by ¢, and is

not very sensitive to the variation of ¢,. This is because
the BAU is driven mostly by the higgsino-gaugino CPV
sources Eq. (34]) and Eq. (5] while the contribution from
the higgsino-singlino CPV source term Eq. (30]) is neg-
ligible since it is proportional to ¢, , which is small as a
result of the definition of the PQ limit. Here we present
a benchmark point in Table 2] for this moderate tang
scenario. It should be noted that the suppressed weak
sphaleron might make the generation of the BAU number
harder and the PTS might not be strong enough to pre-
vent the generated BAU being washed out. As for the
eEDM constraints, we can understand the behavior of
the eEDM exclusion regions from the contours of individ-
ual eEDM contributions. Firstly, the ¢t/W Barr-Zee dia-
grams contributions are presented by vertical contours in
this plots and is characterized solely by ¢,.. Furthermore,
they both give contributions that decreases as the mag-
nitude of ¢,. decreases. On the other hand, the charginos
contribution to the Barr-Zee diagram of eEDM depends
on both CP-phases. Its magnitude decreases first and
then increase as |¢a, | increases or as |¢,| decreases.
The BAU allowed horizontal band lies at the top of
this figure which has sizable overlap with the allowed re-
gion from EDM constraints. This viable parameter space
sits at the right-top corner of this plot corresponding to
relatively small values of the two phases |¢,| and |¢ar, |-
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-7 < s ! >
8
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Fig. 5. The combined plots of the eEDM and

BAU in the plane (¢x,¢n,) for the scenario with
H3 being the SM-like Higgs in the moderate small
tan=3.05 of NMSSM. The color-codes are cho-
sen to be the same as in Fig.[d Other parameters
are set as Table

1) Here, the H3 will not decay to Hi,2 due to its kinetically forbidden.
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Table 2. The CP conserving NMSSM benchmark point with a moderately small tan 3, the CPV scenario is obtained
by adding imaginary parts for parameters with ¢,.=0.1 and ¢, =0.1.

A wu/GeV Ax/GeV K A /GeV tan 3 Ay /GeV
0.6 235 838.0 0.029 -99.18 3.05 2024
Ap,/GeV A, /GeV Ma/GeV M /GeV i, /CeV PTS(CPC) PTS(CPV)
1539 1502 200 100 125 0.752 0.833

6 Direct and indirect probe of CPV in
the Higgs sector

In the CPV NMSSM, there are two types of CPV
sources as in aforementioned arguments, i.e., tree level
and loop level. The type of the CPV in the Higgs sector
is tightly related with the CPV in the Higgs mass matrix.
When the the CPV occurs at the tree level, the Higgs
mass matrix of the complex NMSSM are dominated by
the mixing of the SM-like Higgs and heavy CP-odd Higgs
like the CPV 2HDM case |29, [30]. This type of CPV
might be able to be detected through the associated pro-
duction of Higgs with a ¢t pair [86,187] or a single ¢(¢) [88],
as well as the Higgs decay into top pairs [89-H91] with
top pair polarization being implemented at LHC [92]
and linear collider [93], or the 7—lepton decays stud-
ies at LHC13 [94, 195]. In the meantime, the CPV in
the coupling of HZ~ and HZZ can be detected through
forward-backward asymmetry of the charged leptons [96]
and the azimuthal angular distribution of Z boson decay
states |97)].

7 Summary and outlook

With the LHC data accumulating at the 13 TeV
energy scale, we would have more access to the Higgs
CP properties, which is essential to the cosmic baryon
asymmetry generation at the electroweak scale together
with a strongly first order phase transition [984100]. In
this work, we analyse the strength of the EWPT, grav-
itational wave production and the implementation of
EWBG in the CPV NMSSM with large cancellation in
the electron EDM allowed by the current eEDM mea-
surements. We first explore the possibility that this
model can provide a strongly first order EWPT required
to explain the observed baryon asymmetry in the uni-
verse at the electroweak scale. Then we investigate the

Appendices A

Ingredients for BAU calculations

The weak sphaleron rate is I'ys = 6f<;oszT with & =~ 20.
In this study, we take wall velocity being v, = 0.1 and
wall width being Lw = 0.5/7. The AB ~ 1/Mj, with

gravitational wave production during the strongly first
order EWPT for the benchmark points and show that
there exists the possibility for such gravitational waves
to be detected in the future space-based interferome-
ters like BBO and Ultimate-DECIGO. We further cal-
culate the baryon asymmetry through the CP violating
sources from either higgsino-singlino or higgsino-gaugino
and analyze the constraints from the current search limit
of the electron EDM. We find that the right amount of
baryon asymmetry can be generated without contradict-
ing the EDM limits for small tang where the 125 GeV
SM like Higgs is the second lightest neutral Higgs H,
or moderate tanf where the 125 GeV SM like Higgs is
the third lightest neutral Higgs H3 in the CP-violating
NMSSM. Such scenarios can be searched in the future
for the Higgs CP properties at the LHC or some future
neutron/Mercury EDM experiments (footnote 4). We
note that the BAU evaluation method we adopt in this
work(in the Sec.V.A) implicitly assumes the electroweak
symmetry being broken inside the bubble and unbroken
outside the bubble so that the weak sphaleron process is
active outside the bubble and quenched inside the bub-
ble. While, in the two benchmark models being chosen
in this work the electroweak symmetry is already broken
in the first step of the phase transition (which is a second
order phase transition), prior to the second step first or-
der phase transition. Therefore, the weak sphaleron pro-
cess outside the bubble might be already exponentially
suppressed by a factor of exp(—E.,n(T)/T), with E,,
being the sphaleron energy, and thus highly suppressed
the magnitude of the BAU being generated. The success-
ful explanation of BAU requires future comprehensive
studies of phase transition in the model with the elec-
troweak symmetry being preserved outside the bubble.
Furthermore, one should be aware the cosmologically do-
main walls problems which is introduced when the Z; is
broken by the singlet of the model.

Mg, ~ Ma and Ma being the CP-odd Higgs as suggested
by Ref. |32, [101]. The diffusion factor are |[74]: Dy, =100/T,
Dr =380/T,Dq =6/T, and Dy =110/T. Related thermal
widths are: I'y =0.025T, I's =0.03T,[1, =Ir =0.5T, [}, =
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0.5T, Iy =0.5T, Iz =0.003T, I'y = 0.065T, I's = 0.0037T".
The k factors for the calculation of Eq. (3Ial) are given by,

k’Q,T,B:ktZL,tRﬁRJrk"

and kHZkHd+k)Hu+kﬁ, with the

qL.tR.OR

k factors for the calculation of Eq. (8Ia) in are given by,

oo

kalma/T)=gi (A1)

xT
dmm(ezeT)Q\/mQ—mQ/TQ,

m/T

with the g(H)=g(H)=2, g(t)=g(fL)=g,5=3.
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