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ABSTRACT: We investigate an extension of the standard model (SM) with a singlet fermio-
nic dark matter (DM) particle which interacts with the SM sector through a real singlet
scalar. The presence of a new scalar provides the possibility of generating a strongly
first order phase transition needed for electroweak baryogenesis. Taking into account the
latest Higgs search results at the LHC and the upper limits from the DM direct detection
experiments especially that from the LUX experiment, and combining the constraints from
the LEP experiment and the electroweak precision test, we explore the parameter space of
this model which can lead to the strongly first order phase transition. Both the tree- and
loop-level barriers are included in the calculations. We find that the allowed mass of the
second Higgs particle is in the range ~ 30-350 GeV. The allowed mixing angle o between
the SM-like Higgs particle and the second Higgs particle is constrained to a < 28°. The
DM particle mass is predicted to be in the range ~15-350 GeV. The future XENONI1T
experiment can rule out a significant proportion of the parameter space of this model. The
constraint can be relaxed only when the mass of the SM-like Higgs particle is degenerate
with that of the second Higgs particle, or the mixing angle is small enough.
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1 Introduction

The possibility of baryogenesis through electroweak phase transition (EWPhT) has been
studied extensively (for reviews see e.g. refs. [1-4]). If the EWPhT is strongly first order,
it can fulfill the condition of departure from thermal equilibrium which is one of the three
conditions necessary for the generation of baryon number asymmetry in the Universe [5, 6].
In order to avoid the washout of the baryon number asymmetry, the baryon number violat-
ing interactions induced by electroweak sphalerons must be suppressed at the temperature
when the bubbles enveloping the broken phase start to nucleate [7]. A commonly adopted
assumption is that the sphaleronic interactions are suppressed immediately after the EW-
PhT, which leads to a requirement that ¢. the vacuum expectation value (VEV) of the
Higgs field in the broken phase is larger than the critical temperature, namely [8, 9]

Pe >
TR (1.1)



where £ ~ 1 is a constant. In the standard model (SM), the condition in eq. (1.1) is
satisfied only when the Higgs boson is very light, i.e., m;, < 30 GeV for £ = 1 [10-14],
which is ruled out by the current experiments, especially after the discovery of a 125 GeV
Higgs boson at the LHC [15, 16]. Thus new physics beyond the SM must be introduced
for a successful electroweak baryogenesis.

Another clear indication of new physics is the existence of dark matter (DM), which
has been well established by astrophysical and cosmological observations as well as N-body
simulations. According to the latest analysis reported by the Planck Collaboration, the
measured energy density of DM in the Universe is [17]

Qh? = 0.1187 £ 0.0017. (1.2)

Although the SM has been very successful in phenomenology, it can provide neither a
strongly first order EWPhT for baryogenesis nor a valid candidate of DM.

One of the simplest models with DM candidates is the extension of the SM with a
gauge singlet scalar field [18-26]. The stability of the scalar can be protected by an ad hoc
Zy symmetry. The Zs symmetry may be a residual symmetry from a global or local U(1).
In the extension of the left-right symmetric models with a gauge singlet scalar, the Zs
symmetry may originate from the parity and CP symmetries [27-31]. However, if EWPhT
is also required, it was shown that the singlet scalar could contribute only up to 3% of the
DM energy density [32, 33]. In the inert doublet model, an additional SU(2) doublet is
added to the SM. This model can provide a valid DM candidate and also trigger strongly
first order EWPhT, due to the contributions from other charged and neutral scalars in the
additional doublet [34]. When taking into account the data of the LHC and DM direct
detection experiments, the parameter space of this model is highly constrained [35, 36].

The DM particle can also be a gauge singlet fermion which interacts with the SM
sector through a gauge singlet real scalar. The phenomenology of this type of DM model
has been explored in refs. [37-41]. Light subGeV-scale singlet scalars exchanged by the
fermionic DM particles can serve as a force-carrier in the mechanism of the Sommerfeld
enhancement which has been considered to explain the large boost factors suggested by
the data of various DM indirect detection experiments (see e.g. refs. [42-51]), such as
PAMELA [52], Fermi-LAT [53, 54] and AMS-02 [55] (for a recent analysis see e.g. [56]).

It is of interest to investigate whether the strongly first order EWPhT can also be
realized in the singlet fermionic DM model. This question was addressed in ref. [57] in
which the discussion was limited to the case of tree-level barrier only. However, without
the Zy symmetry, the strongly first order EWPhT can be achieved from the singlet scalar
contributions via both tree- and loop-level effects due to the linear and cubic terms in the
singlet scalar and Higgs potential, which is similar with the case of the SM plus a gauge
singlet real scalar [58-65]. In this work, we aim at an extensive and up-to-date analysis
of the EWPhT in this model. In comparison with the previous analysis, we make the
following improvements:

e We go beyond the tree-level analysis by including the loop-level barrier induced from
the thermal corrections to the effective potential. We show that when taking into



account both the tree- and loop-level barriers the allowed parameter space is sig-
nificantly enlarged. For instance, the upper limit on the mass of the second Higgs
particle is about 100 GeV higher at sina = 0.001. At the same time the critical
temperature after including the cubic terms from one-loop corrections is about 10%
higher. We show that in this case the allowed mass of the second Higgs particle can
reach ~ 600 GeV.

e We adopt an improved analytical approximation of the finite temperature effective
potential which well matches both the usual high- and low-temperature approxima-
tions. This approximation makes our analysis valid for large values of ¢./T,, which
is of crucial importance as the value of ¢./T. can reach up to 10 in this model.

e We consider the contribution from the sphaleron magnetic moment to the sphaleron
energy. We find that in this model the contribution from the sphaleron magnetic
moment is weakened compared with the case of the SM, due to the extra scalar field.
The sphaleron magnetic moment energy can lead to a difference between the values
of po/Te and Espn (T:)/35T¢ within 10%.

e We include the latest upper limits on DM-neucleon scattering cross section from the
LUX experiment [66] which is about one order of magnitude stronger than the pre-
vious one reported by XENON100 [67]. As a consequence the mixing angle between
the SM-like and the second Higgs particles is stringently constrained.

e We focus on the constraints on the phenomenologically interesting physical param-
eters such as the mass of the second Higgs particle, the mixing angle and the DM
particle mass. A numerical scan of the parameter space of this model is performed
using a Markov Chain Monte Carlo (MCMC) approach. Taking into account the
latest data from the LHC and the LUX experiments, and combining the constrains
from the LEP experiment and the electroweak precision test, we find that the mass
of the second Higgs particle is in the range ~ 30 — 350 GeV and the mixing angle is
constrained to o < 28°. We also find that the DM particle mass is predicted to be
in the range ~ 15 — 350 GeV.

This paper is organized as follows. We first give a brief overview of the singlet fermionic
DM model in section 2. In section 3, we discuss the effective potential at finite temperature
at the tree- and loop-level. A numerical analysis of parameter space is performed and the
allowed parameter space is given in section 4. In section 5 we discuss the correction of the
sphaleron energy from the magnetic dipole and its effect on the parameter space allowed
by the requirement of a strongly enough first order EWPhT. We then investigate the
constraints from DM thermal relic density (section 6), DM direct detection (section 7),
LHC data on Higgs signal strength (section 8), LEP data and electroweak precision test
(section 9). The combined result is present in section 10. Finally, conclusions and some
discussions are given in section 11.



2 Singlet fermionic dark matter model

We consider an extension of the SM with a gauge singlet Dirac fermion ¢ which interacts
with SM particles through a gauge singlet scalar S. The tree-level Higgs potential of this
model is given by

2 - 1 1 1 1

V(®,5) = —p20Td 4 ), (qﬂ@) — 1S = S8 = sS4 AS" 4 pd TR S 1 SN0 52,
(2.1)

where ® is the SM Higgs doublet

G+
o = , , 2.2
1 (6" iG) (2:2)
where G*, GO are the would-be Goldstone bosons. The coefficient u1 in eq. (2.1) can
be eleminated by a shift of the field S, S — S + o, which only causes a redefinition of
parameters. In general both ¢ and S can develop non-zero VEVs at zero temperature
which are defined as g = (¢°) |7—o and sop = (S) |r=o. The last two terms in eq. (2.1)
lead to off-diagonal terms in the squared mass matrix of singlet scalar and the SM Higgs
boson, which introduces a mixing between ¢° and S. The squared mass matrix of ¢° and

M3 M3
M2 — i M) (2.3)
(%)

S is given by

where

1
M3y = —pd +3X05 + §>\33 + 1o,
1
M%Z = _Mz - 2:“380 + 3)\333 + 5)‘()0%7 (24)
M3y = M3, = ppo + Agoso.

The squared mass matrix in eq. (2.3) can be diagonalized by rotating ¢° and S into mass

eigenstates (h, H)
h cosa —sina ¢°
_ 2.5
(H) <Sina cosa><5>7 (25)

where the mixing angle « is

Zm%2
(m3y —mi;)
The value of « is defined in the range 0° — 45°, such that h plays the role of the SM-like
Higgs particle while H is singlet dominant. The interaction involving the singlet fermionic

tan2a = (2.6)

DM particle v is given by the Lagrangian
Ly =i — yy ) S. (2.7)

In general S can develope a non-zero VEV, which contributes to the mass of the fermionic
DM particle ¢. In this work we consider the case where ¢ only obtains mass from the VEV
of S, namely my = y,50, which makes the model more predictive.



3 Effective potential and EWPhT

The tree-level potential for ¢ = (¢°) and s = (S) can be written as

Vo (¢, 8) = —%,uigoQ — %/1,232 - %u333 + %uscﬁ + i)\wpzl + i/\ss4 + %/\ s2p2. (3.1)
The coefficients ji4 and ps can be rewritten in terms of the VEVs ¢g and sy according to the
minimization conditions of the tree-level potential. However, the minimization conditions
can not guarantee that (yq,so) is the global minimum. Thus a check on whether there
exists a deeper minimum is needed. In order to guarantee the stability of (¢, sg) as the
global vacuum, it is also required that the potential is bounded-from-below.

The parameters Ay, ¢ and A can be rewritten in terms of three physical parameters,
i.e. the masses of the two Higgs particles mp, mpy and the mixing angle «a, as follows

1
Ap = 552 (m,% cos® o + m?; sin? @),
%0
o= —28—% (mi sin? o + m?%; cos® a + pzsg — 2/\553) , (3.2)
¥0
1
A= m2% —m?) sin o cos o — g -
050 [( H h) e ]

We include one-loop Coleman-Weinberg correction of the potential at zero tempera-
ture [68]
m; (i, s)
Q?

where 7 runs over all the particles in the loop, and N; is the degrees of freedom of the

|
Vi(p,s) = o5 > Nimi (,9) [log ~Gil, (3.3)

particle ¢, C; is a constant (C; = 6/5 for gauge bosons, C; = 3/2 for scalars and fermions),
@ is the renormalization scale which we fix at the mass of the top quark. The counter
terms Vo (¢, s) needed to renormalize the potential are given in appendix A.

The one-loop effective potential at finite temperature 7' can be written as

‘/eff (()07 S7T) = ‘/0 (907 S) + ‘/1 (@7 S) + VCT (SO7 8) + Vl (907 SvT) ) (34)

where Vi (¢, s;T) is the one-loop thermal corrections

T4
Vi(g,s;T) = Gy} E nilg (ai) + E nily (aj) | (3.5)
( J

where a = m? (¢, s) /T?, i (j) runs over all the bosons (fermions), n;(;) denotes the degrees
of freedom of bosons (fermions), and Iy (a) is defined as

I (a) :/0 dz z* In (1 :Fe_‘/aﬂ"'a), (3.6)

where the sign — (+) is for bosons (fermions).



Figure 1. Left) Comparison of different approximations of the function Ig(a). The black solid
and red dashed curves correspond to the numerical value and the approximation 11(33)(607 respec-
tively. The blue dotted and green dot-dashed curves correspond to the high- and low-temperature
approximations, respectively. Right) The same as left but for Ix(a).

Since the evaluation of the integration in eq. (3.6) is computationally expensive, it
is necessary to have an analytical approximation. In the high temperature limit, i.e.
m (p,s) /T < 1, Iz (a) can be expanded as [69]

4 2
(1) T T ™3 1 5
I = ——+ —a——a2z — —a“]|l — .
Tt w2 1
IWey=—" 4% o4~ a2 - .
D a) = o5t Tt o (a) — ], (3.8)

where g = 5.40762 and yp = 2.63503. The term cubic in m/T in eq. (3.7) gives rise
to the barrier in the potential which makes the phase transition first order. In the low
temperature limit, Iy (a) can be expanded as [11]

2 2 T3 12 15 1+ 105
I](g)(a;n): 1g)(a;n):—\/;aéle <1—|—8a2+128a>. (3.9)

The high- and low-temperature approximations are shown in figure 1. It can be seen
that the high temperature approximation starts to fail when a 2 3. By matching the high-
and low-temperature approximations, we obtain a reasonable approximation to the integral

I (a) = trqr) () IS (@) + (1= tae) (0)) Tigp (a:2), (3.10)

where tg(a) = e~ (¢/ 63)" and tp(a) = e~ (@/ 325" are obtained by numerically fitting to the
exact value of the integral. A comparison of different approximations of Iy (a) is shown
in figure 1. For the approximation I](;’()F)(a) in eq. (3.10), the deviation to the exact value
of IB(F) is less than 5% in the region 0 < a < 20.

The calculation of effective potential can be further improved by including thermal
corrections to the boson masses which come from high order ring diagrams. After including

the ring diagrams, the field-dependent squared mass matrix for the two Higgs particles is

M3 M3 cy 0
2 T — 11 /¥ii2 ¢ T2 11
e = (25 (102 -

given by



where the matrix elements M;; are defined analogously as in eq. (2.4) with replacements
Yo — @, 50 — 8, ¢y and cg are defined as

cp = — (997 + 3¢ + 12y7 + 24X + 2)) (3.12)

ol =&l

cs = — (2A+ 3\ + 23 (3.13)
where y; is the top Yukawa coupling, g and ¢’ are the SU(2);, and U(1)y gauge couplings,
respectively. The thermal masses of the Goldstone bosons are given by

1
szOVG:I: (p,s;,T) = —,u?, + App? + s + 5)\32 + ¢y T2 (3.14)

In order to trigger first order EWPhT, the thermal effective potential must have two
degenerate minima separated by a barrier at the critical temperature. Due to the existence
of the extra scalar field, there can exist two kinds of barriers in this model

e Tree-level barrier. This kind of barrier arises from the terms linear and cubic in
s which are already present in the effective potential at tree-level. In the scenario
with tree-level barrier only, one important implication is that a first order EWPhT
is always related to a change of the VEV of the singlet scalar field at the critical
temperature. If the VEV of the singlet scalar field is constant during the EWPhT,
the tree-level potential would have the same structure as that in the SM case which
has no barrier.

e Loop-level barrier. This kind of barrier arises from the term cubic in m /T which
comes from the thermal one-loop corrections of the bosonic fields to the effective
potential. It also exists in the SM case, which is however not enough to trigger a
strongly first order EWPhT. In this model, the extra singlet scalar field can contribute
to this kind of barrier and make it possible to trigger a strongly first order EWPhT.

For the investigation of the tree-level barrier, it is enough to keep only the leading
order terms which are quadratic in m /T of the high-temperature approximation

1 1
Vi° (¢, T) = <2H¢902 + 5%82 + H3$) T2, (3.15)
where

1
Fo = 15 (997 + 39" + 12y7 + 24X + 2))

1 2
rs = 75 (243X + 205) (3.16)

= (st

R = 15 \TH3 ) -

For an illustration of the tree-level barrier, we use Vg (¢, s) + V{° (¢, s;T) as an ap-
proximation of the effective potential. The stationary points of this effective potential



are located at the intersections of the curves determined by OVeg (¢, s;T) /0p = 0 and

Vet (¢, 5;T) /Os = 0 which lead to

ko T? — pg + s + IXs?
g ’

e=0 or ¢>=f (s) = — (3.17)

and
k3T? + (,'<asT2 — ,ug) 5 — j3s® 4 Ags3

A+ As

We show the evolution of this effective potential with temperature in figure 2. Since

¢’ = fs(s) = —2- (3.18)

at sufficiently high temperature the effective potential is dominated by the contributions
from the thermal corrections in eq. (3.15), there is only one minimum at ¢ = 0, as shown
in figure 2(a). As the temperature decreases, local minimum with ¢ # 0 appears, but
the original minimum at ¢ = 0 is still the global one. At the critical temperature T,
the minimum at ¢ = ¢, becomes degenerate with the minimum at ¢ = 0, as shown in
figure 2(c). The minimum at ¢ = 0 becomes meta-stable and the phase transition of ¢
occurs. It can be seen that there is a barrier which separates the two degenerate minima
and leads to first order EWPhT. After the phase transition of ¢, the local minimum at
¢ # 0 becomes the global one, as shown in figure 2(e).

4 Parameter space for EWPhT

To check whether a EWPhT is strongly first order, we should first find the critical tem-
perature which is defined as when there appear two degenerate minima. We search for T,
in the range from Ty = 1 GeV to Thax = 1 TeV. We start from Ty, then increase the
temperature and check the minima of the potential. The critical temperature is obtained
when the local minimum at ¢ # 0 becomes degenerate with the one at ¢ = 0. If the global
minimum at Tax is at ¢ # 0, EWPhT will not occur.

When the EWPHT occurs, there is a path connecting the two degenerate local minima
which has the lowest barrier (see figure 2(c)). If there is no barrier along this path, the
EWPHT is of the second order. In this case the local minimum corresponds to a flat
direction of the potential. To identify this case we follow the method in ref. [64] to check
whether a putative minimum is a real minimum. We minimize the potential on small circles
surrounding the putative local minimum. If the minima on the circles are greater than the
putative minimum, it is indeed a true local minimum.

We explore the full parameter space of the singlet fermionic DM model which includes:
mH, &, S0, 143, As, and m,,. We scan these parameters in the ranges

10 GeV < mpy
—1 TeV < us

1 TeV,

0 45°,  —1 TeV < sg <1 TeV,
1TeV, 0

<a<
< As <3, =3 < yy <3 (4.1)

<
<

The mass of the SM-like Higgs particle is fixed at mj; = 125 GeV.
We use an improved random walk sampling algorithm to scan the parameter space
based on a MCMC method with the Metropolis algorithm. The likelihood of a given
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Figure 2. Thermal evolution of the effective potential in the senario with tree-level barrier only.
The parameters are fixed at so = 300 GeV, Ay =1, uz = 250 GeV, Ay =1, p = =250 GeV, A = 0.1
and y,, = 0.5. Left) The effective potentials at T' > T, T = T, and T' < T, from top to bottom,
respectively. The global minima of the effective potentials are indicated by red dots. In (c) the
path with lowest barrier between the two local minima is indicated by the red line. Right) Curves
corresponding to OVeg (0, $;T) /Op = 0 (solid line) and dVeg (¢, s;T) /0s = 0 (dashed line). The
global minima are located at the intersections of the two curves as indicated by the black dots.

parameter set x is defined as
Z (x) = min{ep. /T, 1}. (4.2)

We run multi-chain samplers with initial values uniformly distributed in the 6-dimensional

parameter space and obtain a sample set containing about 5 x 10% sample points satisfying
we/Te > 1.



0.09 b

2 4 8 10

6
®, / T,

Figure 3. The relative frequency distribution of the order parameter ¢. /T, of the samples satisfying
©ve/Te > 1 which are obtained using the likelihood function in eq. (4.2).
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the samples satisfying ¢./T. > 1 (cyan areas) which are obtained using the likelihood function
in eq. (4.2). The green areas are the distributions after considering all the constraints from the
observables such as DM thermal relic density, DM-nucleon cross section, Higgs signal strength,
Higg-Z-Z coupling strength and the oblique parameters.
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Figure 5. Comparison between the allowed regions in the my — sina (left) and my — T, (right)
planes for the case with tree-level barrier only and the case with both tree- and loop-level barriers.
In the left panel, the lines indicate the boundary of the allowed parameter space for ¢./T, > &
including both tree- and loop-level barriers with £ = 1.2 (blue dot-dashed), £ = 1.5 (purple dashed)
and € = 2 (black dotted), respectively.

The relative frequency distribution of the order parameter ¢./T, is shown in figure 3.
Strongly first order EWPhTSs are found with ¢./T, up to 10 in this model. The frequency
distributions of the 6 free parameters are shown in figure 4. It can be seen that, for £ =1,
there exists an upper limit on the mass of the second Higgs particle around 600 GeV, and
S0 is constrained to |sg| < 600 GeV. Heavier particles cannot trigger a strongly enough first
order EWPhT, as the contributions of heavy particles suffer from exponential suppression
as shown in eq. (3.9).

In this model, the extra scalar field leads to a tree-level barrier at the critical tempera-
ture. Both of the tree- and the loop-level barriers can trigger strongly first order EWPhT.
A comparison between the tree- and loop-level barriers is shown in figure 5 in which we
plot the allowed regions for the case with tree-level barrier only and the case with both
tree- and loop-level barriers. As shown by the figure, the allowed region with both the tree-
and loop-level barriers is larger than that in tree-level only case. For instance, the upper
limits of mp is about 100 GeV higher at sina = 0.001 for £ = 1. The loop-level cubic
terms also raise the critical temperature. As shown in figure 5(b), the critical temperature
has an upper limit around 150 GeV, which is about 10% lower in the case where only the
tree-level barrier is considered.

5 The effect of the sphaleron magnetic moment

The condition for the sphaleronic interactions to be sufficiently suppressed to preserve the
baryon asymmetry generated during the EWPhT is given by [8, 9]

> 35, (5.1)

— 11 —



In the SM, the sphaleron energy relates to ¢ the VEV of the Higgs field by

_ 8mmw ()

Esph - g2 Ca (52)

where myy (o) is the W-Boson mass, and C ~ 2 is a constant determined by the sphaleron
solution. Thus, this condition can be translated into eq. (1.1) with & = 1. This conclusion
can be modified if there exists a primordial magnetic field in the early universe [7, 70]. The
magnetic field can be generated before or during the EWPhT through various mechanisms
(for a review see ref. [71]). Meanwhile, the electroweak sphaleron may develope a U(1)y
magnetic dipole moment. The interaction between the magnetic dipole and the background
magnetic field can give negative contribution to the sphaleron energy. Consequently, the
preservation of the baryon asymmetry requires a larger value of £.

In the presence of a background hypermagnetic field B, the sphaleron magnetic moment
i can lower the sphaleron energy

Esph (T7 B) = Esph(T) - N(T)B' (5'3)
In this work, we parametrize the external hypermagnetic field as [7]
B =bT?, (5.4)

where b is a dimensionless parameter which is usually taken to be b < 0.4. To estimate
the effect of sphaleron dipole moment in this model, we follow the approach adopted in
refs. [7, 70]. The formulas which give the sphaleron solution and the sphaleron magnetic
moment are summarized in the appendix C.

In this model, the relation between Egy,/(35T¢) and ¢./T. is complicated and can
only be calculated numerically. In table 1 we show the values of Egy},/(35T¢) and ¢ /T, for
several typical parameter sets. It can be seen that the presence of the sphaleron magnetic
moment can lower the sphaleron energy, which makes the value of Eg},/(35T¢) lower than
the value of ¢./T.. However, the difference between them are within 10%. As can be seen
in table 1, in the listed parameter sets, the values of ¢./T. varies from 1.2 to 2.12, and all
of the parameter sets can provide a strongly enough first order EWPhT. This is different
from the conclusion in the case of the SM where the inclusion of the magnetic moment
generally requires ¢./T. 2 1.3 [70]. The reason is that the extra scalar field S in this model
raises the sphaleron energy but gives no contribution to the sphaleron magnetic moment,
which weakens the contribution from the sphaleron magnetic moment. In figure 5(a) and
figure 8, we show the boundary of the allowed parameter space for £€ = 1.2. It can be
seen in figure 8 that, after considering all the constrains from observables, the difference
between the upper bound on the mass of the second Higgs particle for £ = 1.2 and that
for £ =1 is within 10 GeV.

6 DM thermal relic density

The fermionic DM particle ¢ can annihilate into final states ff, WHW~, ZZ, hh, HH or
hH via s-channel Higgs particle exchanges. For annihilation with final states hh, HH or

— 12 —



mg  sina S 3 As  Espn(Te)  Eaipole(Te; B) % %ﬂm
256.8 0.05 42.7 125.8 1.05 1.16 0.08 1.20 1.14
120.0 0.074 136.6 267.6 0.75 1.39 0.05 2.12 2.08
97.2 0.002 212.8 235.5 0.70 0.90 0.06 1.21 1.16
197.1 0.14 100.2 464.1 0.92 1.33 0.04 1.65 1.62
127.2 0.02 1188 61.8 0.80 1.18 0.05 1.38 1.34

Table 1. Sphaleron and magnetic dipole energies for several typical parameter sets. The sphaleron
energy and magnetic dipole energy are in units of 47+/@2 + s2/g. Other parameters msy, sp and
ug are in unit of GeV. The SM Higgs mass is set to m; = 125 GeV. The magnetic field is fixed at
B =0.4T7.

(4 f 4 WhZ oy hH h,H
\\ 4 g
-~
/
hoH_ b, H_, h, H ¢
_ _ _ \ _
G ! Y W=z v \hHo S h i

Figure 6. Feynman diagrams for the annihilation of fermionic DM particle.

hH, the t- and u-channels are also possible. The Feynman diagrams for these processes
are shown in figure 6. The cross sections for these processes are given in appendix B.

The thermal average of the cross section multiplied by the DM relative velocity v, at
a temperature 1" is given by

(V) = ! /oo ds o (s) (s — dm2) v iy 2 (6.1)
T 8myTKS (my/T) Jame v T )’ '
where K7 (K3) is the modified Bessel function of the first (second) kind, /s denotes the
center-of-mass energy. The temperature evolution of the abundance Y which is defined as
the number density devided by the entropy density of the DM particle is governed by the

Boltzmann equation [72]

dy — [mg. (T)
ar 45

Myi{ovea) [Y (T)? = Yeq (T)?] (6.2)

where My = 1.22 X 10" GeV is the Planck mass scale, g1 is the effective number of
relativistic degrees of freedom, and Y, is the abundance at equilibrium. The relic density
is related to the present-day abundance Y (Tp) by

Qh? =2.472 x 10° GeV'm,Y (Tp), (6.3)

where Tj is the temperature of the microwave background. In this work we adopt the
freeze-out approximation, and use micrOMEGASs3.3 for numerical calculation of the relic
density [73, 74]. The freeze-out temperature Ty can be defined from the relation Y (Ty) =
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Figure 7. DM thermal relic density as a function of the DM particle mass with my = 250 GeV for
different values of a = 2°, 20° and 45°, respectively. Other parameters are fixed at so = 300 GeV,
ps = 300 GeV and As; = 1. The horizontal solid line indicates Qh* = 0.1187 [17].

(1+6) Yeq (Tf) with § being a constant and can be determined by solving

dInYe

Dol a2 T b i (1) (6.4)

45

T=T;

with § = 1.5 [73]. Below the freeze-out temperature, Yoq < Y, eq. (6.2) can be integrated

1
% (T()) Tf \/7 \/ avrel (6.5)

The deviation of this approximation from the exact solution of the Boltzmann equation
eq. (6.2) is within 2% [73].

Figure 7 shows the thermal relic density as a function of the DM particle mass. Since

the measurement on the DM relic density from the Planck experiment is very precise, the
value of m,, can actually be solved from the DM relic density up to a five-fold ambiguity.
The ambiguity arises from the two resonant annihilations when m,, ~ my, /2.

7 Direct detection of DM

For a Dirac DM particle the spin-independent DM-proton elastic scattering cross section
is given by

2
os1 & %)‘;2)7 (7.1)
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where m, is the DM-proton reduced mass m, = mymy/ (my +my) with m, the proton
mass. The coupling A, is given by

Ap ®A 2 . Aq
2r 2 2 2 2
o q%szq s 24 q;b,tm (7.2)

The coupling A\, at quark level in this model is

A Yypsinacosa (1 1
q ®0 my, My

The parameters f% ) are defined from the nucleon matrix elements mp f}f ) = (p|mqqq| p)
for ¢ = u,d,s and fg - Zq:u dos :(Fi ). Tn numerical calculations we take the values

f:(pi) = 0.0153, f:(pld)) = 0.0191 and fg) = 0.0447 [75]. For some of the recent studies of these
parameters we refer to the refs. [76-78].

Currently the strongest upper limits on ogy are given by the LUX experiment [66]. The
allowed region in the mpy — sin « plane is shown in figure 8. It can be seen that the mixing
angle is severely constrained by the LUX data, for instance sina < 0.1 leading to a < 5.7°
at myg = 350 GeV. In the region where |mgy —mp| < 20 GeV, the constraint from LUX
data is significantly relaxed due to the destructive interference between the contributions
from the two Higgs particles, as shown in eq. (7.3). In figure 8 we also show the upper
bound on the mixing angle corresponding to the data of the XENON100 experiment. It
can be seen that the XENON100 constraint on the mixing angle is much weaker than the
LUX constraint, for instance sina < 0.4 leading to a < 23° at my = 350 GeV.

The next generation of DM direct detection experiments can push the upper bound
on osy down to ~ 10~47cm? [79]. This upper bound can further constrain the mixing angle
«. In figure 8, we show the upper bound on the mixing angle which corresponds to the
projected exclusion limit of the future XENONI1T experiment. It can be seen that sin «
can be further constrained to one order of magnitude lower than the upper bound from
the LUX data in the regions off resonance, for instance sina < 0.01 leading to a < 0.57°
at mpg = 350 GeV.

8 Higgs signal strength at the LHC

The LHC experiment has reported the discovery of a SM-like Higgs boson [15, 16].
Throughout our work we take the SM-like Higgs particle mass fixed at mj; = 125 GeV.
The Higgs signal strengths in different channels such as bb, 7777, vy, WW* and ZZ* have
been measured by the ATLAS, CMS and CDF experiments. The combined result on the
Higgs signal strength with respect to the SM value shows no significant deviation from the
SM prediction [80]

rp, = 1.02151, (8.1)

with r; defined as the signal strength of the SM-like Higgs particle in new physics models
relative to that in the SM. We consider rj, in the range 0.78 — 1.24 which corresponds to
the approximately 95% confidence level (CL) allowed range.
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The signal strength of the SM-like Higgs particle in this model with respect to the SM
value is given by

Th = "SM pSM__ _ _SM SM ’
Ugg—>hBh—>XX Tggsh  Lhoxx Ty

SM
CooshBhosxx  Cogosh L r
~ Ygg— — gg— % h—XX h (82)

where X stands for any final state particle, o445 is the production cross section through
gluon-gluon fusion of the SM-like Higgs particle, 'y, x x is the width of the SM-like Higgs

particle decaying to X, I'y is the total decay width of the SM-like Higgs particle, and

SM
agg%h’

The mixing between the two Higgs particles leads to a universal cos o suppression of all

Ffsll\i vy and I‘,SLM are the corresponding values in the SM.

the couplings between the SM-like Higgs particle and the SM fermions and gauge bosons,
which leads to

Og9—h LThoxx

g92h _ Zho XX os?a (8.3)
5 SM SM

99—h h—X X

Additionally, the signal strength of the SM-like Higgs particle is also suppressed by two
possible new invisible decay channels which are h — ¢ and h — HH. The total decay
width of the SM-like Higgs particle in this model can be written as

Iy = FEM cos? o + Uy py + Thosmm, (8.4)

where I';_, 7, and 'y, gy are the decay widths of the SM-like Higgs particle via the two
new channels

2
Yy Mh .
gy = o sz'snﬂ a, (8.5)
AQ
Lhsun = &};%Hhﬁm (8.6)

where Byg) = \/1 — 4m12p(H)/m% and Apppy is the coupling of hH H defined in eq. (B.14)
in appendix B. Thus, the signal strength of the SM-like Higgs particle can be written as

F%M cos* a

T = . (8.7)
M cos? o+ T, 5y + Dhosmm
Note that the signal strength 7}, is suppressed by cos? « even if the two new invisible decay
channels are kinematically forbidden.
In the parameter region where my < my/2, I'y,_ g is still considerably large even if
the mixing angle is very small. In the limit without mixing between the two Higgs particles,

it is given by

Lhenn =

B, (8.8)
h

which results in a constraint on the parameter A

r
A2 <142 h (8.9)

YoPH

,16,



In the parameter region where mpy < 30 GeV, this constraint is strong enough to exclude
all the sample points, as shown in figure 8.

Analogously, the signal strength of the second Higgs particle is given by

F%M sin o

sin? o + Uy gy +Caonn

2 o, which comes from

The signal strength of the second Higgs particle is proportional to sin
the coupling between the second Higgs particle and the SM fermions and gauge bosons,

and it is also suppressed by the decay channels H — 1) and H — hh.

The allowed region in the mp — sin « plane under this constraint is plotted in figure 8.
It can be seen that the result on the signal strength of the SM-like Higgs particle imposes
an upper bound on the mixing angle, due to the suppression factor cos?a in the signal
strength in eq. (8.7). When the invisible decay of the SM-like Higgs particle through the
channel h — HH is kinematically forbidden, i.e. my > my/2, the upper limit on the
mixing angle is directly given by sin?a < 0.22, leading to a < 28°. When the channel
h — HH is opened, i.e. myg < my/2, the mixing angle is further constrained, for instance

sina < 0.01 leading to < 0.57° at mpy = 50 GeV.

Besides the constraint on the signal strength of the SM-like Higgs particle, the current
LHC data also set an upper bound on a Higgs particle with a mass larger than 145 GeV [81],
which can be translated into an upper bound on 7 in this model. However, this constraint
is much weaker than the constraint on rj as the invisible decay of the second Higgs particle
can be very large.

9 LEP constraint and the electroweak precision test

The LEP data impose constraints on the ratio of Higgs-Z-Z coupling strength with respect
of the SM value 572_[ = (QHZZ/QE%ZV with H = h, H, as shown in figure 10(a) in ref. [82].
In this model, the Higgs-Z-Z coupling strength is suppressed by the mixing between the
two Higgs particles

£ = cos® a, &% = sin? a. (9.1)

The allowed region in the mpy — sin« plane under the constraint from LEP data at 95%
CL is shown in figure 8. This constraint sets an upper bound on the mixing angle in the
region with mp < 114 GeV, which is however much weaker compared with that from the
LHC and the LUX experiments, as can be seen in the figure.

The second Higgs particle in this model gives extra contributions to the gauge boson
self-energy diagrams compared with the SM case, which can affect the oblique parameters S,
T and U [83, 84]. The shifts of the oblique parameters from the SM values AX = X — XM
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are given by [40, 85]

i

w
1 m2 . m2 m2
AS = o [0052 afs (mél) + sin? afg <é{> — fs <g>} , (9.3)
Z Z Z
1 m? m? m?
AU = o [cos2 afs <2h> + sin? afs (2H> — fs (;)] —AS, (9.4)
T miy, myy, miy

where myy(z) is the masses of the W (Z) gauge boson, & =mé,/m% and sf =1 — ¢

The functions fr(z) and fg(z) are defined as

xlogx

fri@) =" (9.5)
( % {—2x2 + 9z + [mQ — (6x—18)/x — 1+ 18] xlog x
—1-2\/@ (x2 — 4x + 12)
fs (@) = X [tanh*1 Vr/vr —4 —tanh 1 (z — 2)/@} } , for0<zx < 4(9.6)

{227+ 9z + [2% — 62 — 18/(z — 1) + 18] zlog x
+ (1:—4)(1:2—4a:+12)10g%<a:— (x—4) —2)},f0rx>4.

\

The constraints from the oblique parameters given in ref. [85, 86] can be translated
into constraints on the mass of the second Higgs particle and the mixing angle. We show
the 95% CL allowed region in the my — sin « plane in figure 8. It can be seen that this
constraint is weaker compared with the LHC constraint and the LUX constraint.

10 Combined results

We combine the constraints from all the above mentioned observables such as the DM relic
density, the DM-nucleon scattering cross section, the signal strength of the SM-like Higgs
particle, the Higgs-Z-Z coupling strength and the oblique parameters on the parameter
space satisfying o./T. > 1. About 2 x 10° sample points surviving all the constraints
are obtained. The frequency distributions of the 6 free parameters after considering the
phenomenological constraints are shown in figure 4.

The allowed region in the m g —sin «a plane is shown in figure 8. As shown in the figure,
the most stringent constraints come from the data of the LHC and the LUX experiments.
It can be seen that in the region where the mass of the second Higgs particle is nearly
degenerate with that of the SM-like Higgs particle, the LUX constraint is significantly
relaxed due to the destructive interference between the contributions from the two Higgs
particles. Consequently, in this region the upper bound on the mixing angle is set by the
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Figure 8. Allowed region in the mpy — sin« plane satisfying ¢./T. > 1 and all the constraints
from the electroweak precision test (EWPT) at 95% CL, the LEP data at 95% CL, the Higgs
search results at LHC, and the upper bound on DM-nucleon scattering cross section from the LUX
experiment. The red dot-dashed line is the upper bound on the mixing angle from the 90% CL
XENON100 constraint and the red dashed line is that from the projected exclusion limit of the
future XENONIT experiment. The dots are the sample points satisfying ¢./T. > £ and all the
constraints with & = 1.2 (dark gray) and £ = 1 (light gray), respectively.

LHC data which leads to a < 28°. In the region where mpy < my/2, the mixing angle is
further constrained, as the invisible decay of the SM-like Higgs particle is opened. In other
regions the upper limit on the mixing angle is determined by the LUX data, for instance,
a < 5.7° at myg = 350 GeV. As shown by the dots, the requirement of a strongly first order
EWPAT sets an upper bound on the mass of the second Higgs particle around 350 GeV for
&€ =1, which is expected as the contributions of very heavy particles to effective potential
is suppressed exponentially. As shown by the dark gray dots, when considering £ = 1.2 the
upper bound on the mass of the second Higgs particle becomes lower. But the difference
between the upper bound for £ = 1.2 and that for £ = 1 is within 10 GeV. A lower
bound on the mass of the second Higgs particle around 30 GeV is also imposed due to the
constraint on A from the LHC data.

The future XENONIT experiment can push the upper bound on og; down to ~
10~*"em? [79]. The constraint from the projected exclusion limit of the future XENON1T
experiment is also shown in figure 8. It can be seen that a significant proportion of the
parameter space can be ruled out by the future XENONIT experiment. The mixing angle
can be further constrained to one order of magnitude lower compared with the result of
the LUX experiment, for instance o < 0.57° at mpy = 350 GeV.
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Figure 9. Allowed values of my and my from the sample points satisfying ¢./T. > 1 and all the
phenomenological constraints (see text for detailed explanation).

The allowed values of mpy and my, from the sample points are shown in figure 9. The
DM particle mass is solved from the DM thermal relic density which leads to a five-fold
ambiguity. As shown in the figure, there are three branches which correspond to the two
resonant annihilations when my, =~ my /2 and the threshold of DM annihilation into
Higgs particles. It can be seen that the DM particle mass is predicted to be in the range
~ 15—350 GeV. The distribution of y,, is also significantly changed by the constraint from
DM thermal relic density, as shown in figure 4.

11 Conclusion

In summary, we have systematically explored the parameter space of the singlet fermionic
DM model which can lead to strongly enough first order EWPhT as required by electroweak
baryogenesis. We have taken into account the loop-level barrier by including the high tem-
perature approximation up to the terms quartic in m/7', and an analytical approximation
of the effective potential which well matches both the high- and low-temperature approx-
imations has been introduced, which allows for reliable calculations in low temperature
region. It has been shown that the mixing angle is constrained to a < 28° and the mass
of the second Higgs particle is in the range ~ 30 — 350 GeV. The DM particle mass is
predicted to be in the range ~ 15 — 350 GeV. The future XENONI1T detector can rule
out a large proportion of the parameter space. The constraint can be relaxed when the
mass of the SM-like Higgs particle is degenerate with that of the second Higgs particle. In
other regions the mixing angle can be further constrained to one order of magnitude lower
compared with the result using the LUX data, for instance a < 0.57° at mpy = 350 GeV.
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A Renormalization of the Higgs potential

The counter-terms to renormalize the potential at zero temperature are given by

o4 A ou2 5 0 D)
_M 2y 0% a OMs o OM3 g OMs g

J P
+ ?MthS + ZchSQ. (A1)

We use the following renormalization conditions

(8882 0% 02

= 2 - = A2
o ) (TR (919 + Ve (6.) 0. (A

(v,5)=(%0,50)

and

0
(p:5)=(0,5,) OV

9
0s

where s, (¢s) is the location of the minimum on the s (¢) directions. The conditions in

> (‘/1 ((107 S) + Ver (907 5)) =0, (AS)
(¢,8)=(ps,0)

eq. (A.2) keep the locations of tree-level VEVs and the mass of the two Higgs particles
unchanged, and that in eq. (A.3) keep the locations of the minima on the s and ¢ direction
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unchanged. The solutions of the renormalization conditions eq. (A.2) and (A.3) are

52 — AV (0o, 50) + 208V (04, 0) = 0022V, (0, 50) A
/,L(z) — 2 3 Y ( ° )
PoPs
(1,0) (2,0)
Vi (v0,50) — 9oV (o, 50)
%0
1
op? = P 5 {so [2881/1(0’1) (0,s4) + si (=650 + 4s,) Vl(o’l) (0, 50)
55 (80 — 55)" Sy
25250 (50 = 5,) Vi (0, 50) + s3ee0 (250 = ) Vi (o, 50)]
—@%s%si (so — sy) (5)\} , (A.6)
1 0,1) 2 2 (0,1)
ops = — 950|253V 0,84) + Sp (—3s5 +s2) V' ,S
H3 253 (s — SW)Q 5 { 0 [ oV1 (0, 80) w( 0 50) 1 (05 80)
550 (55— 52) Vi (90, 50) + sp0sg Vi (0, 80)}
— 03585, (5(2) - s?p) SA}, (A.7)
1
0As = —5 5 {—so |:28(2)‘/i(0’1) (0, 80) + 5, (—4s0 + 25¢) Vl(o’l) (0, S0)
255 (50 — 84)” ¢
+25450 (50 — 85) Vi (00, 50) + 800050V (o, 80)}
—5s55p (50— 55) OA} (A.8)
op = —dAsp, (A.9)
1 1,0) (1,0)
SA = ——— | (3p2ps — ?) VB — 23V " 0
FB50ps [( Pops = 05) Vi (9o, 50) = 205V1 T (s, 0)
—p8s00s Vi (90, 50) — wows (93 — 02) V& (0, 50) |, (A.10)
where

oIV (i, 5)

Vv (mn) (p,5) = S Ba™

(A.11)

B Cross sections for DM annihilation

The cross sections for DM particles annihilating into the SM fermions and gauge bosons
are given by [37]

_ _ : 2 4m2
O Urel (@Z}@ZJ N ff7 W‘i‘W_’ ZZ) — (yw SlriCGY COS O[) (1 _ - ’l[l)
T

2

1 1
: Af7W7Z’ (B'l)

- + -
s—mi—i—zmhFh s—m%{-f—zmHFH

where T, (I'yy) is the total decay width of the SM-like Higgs particle (the second Higgs
particle), /s denotes the center-of-mass energy, and Ay 7 stands for the contributions
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from channels with final states ff, WTW~ and ZZ

2 4m> 3/2
Ar =65 <mf) X (1 - f) , (B.2)
2] 5
2\ 2 2 12 2
—9 4m
w

Ay is defined analogously with Ay, and there is an additional factor of 1/2 for Ay.
The cross sections for DM particles annihilating into two identical Higgs particles
through s-channele are given by [87]

YnARHH YHANHHH

2
, B.4
s—m%—i—imhf‘h 5—m%1+ierH ( )

o3} (5 = HH) = S (5 — 4m3)

where H stands for H or h, and Ky is defined as

1
_ / 2
Ky = 16022 s2 — 4dsmy,, (B.5)

The cross sections for DM particles annihilating into two identical Higgs particles through
t- and u-channel are given by

2
(4m12p — m%[)

2 2
N A+ D <5+8mw—2m7{>
t+u
avr(el ) (¢@ZJ — 7—[7—[) = Ky yél_[ D7 A2 — log = D‘ 5D
(16m —4m3s —m )
P P H
2 B.
where A and D are defined as
1 5
A= (2m3 —s), D= 3B, (B.7)

with By = /1 — 4mi /s and By = /1 — 4m$_£ /s. The interference terms between the s-

and u-, t-channels are given by

A — m? A )
ool (P — HH) = 2k 43 my YhARHH (5 TZh)Q YHNHHH (s T;lHl
(s — mh) +mil? (s — mH) +m2T2,
A+ D 18y
<log\ 7~ D‘( 35, ) (B.8)

The cross sections for DM particles annihilating into A and H through s-channel are
given by

YnAHhh YHALHH

2
, B.9
s—m%—l—imhfh s—m%{—l—imHFH ( )

v (% — hH) = kpp (s — 4m3)
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where kj, g is defined as

ot = Va2 = 25 (m2 +m3) + (m3 —m¥)*. (B.10)

167 52

The cross sections for DM particle annihilation into A and H through ¢- and u-channel are
given by

<4mw mh) (4m¢ m%)
_ A2

ov rZTu (Yo — hH) = 2645 v yir

At p|[(s+8m2 —m2—m3)
A-D 2D

—log‘

(16mw — 4mw5 mhm%[)

-2 B.11
+ D : (B.11)
where A and D are defined as
1 5
A= 5 (m% + m%[ — 5) , D= §ﬁ¢ﬁhH, (B.12)

with

Brhe = \/1 _ (mn F ma) )’ \/1 _ (mn = ma)” mH)Q.
s s

The interference terms between the s- and u-, t-channels are given by

A —m?2 A 9
ool (9 — RH) = 4kng yn y my YnAHhh (5 mj) YH hHH2(5 m%)
(s=m2)* +mil2  (s—m3)" +myT3
A+D 1 By
Xlog‘A D'< e > (B.13)

The physical couplings in this model are given by

{y¢sina, if H = h;

g = yypcosa, if H = H.

1 1
2 s+ —CaSg 2 \po — 5% 0 50—|—*SQ,U3,

1 1,
3
Ahhh = CaAgPo — =C sa)\so — 2 e 5 3

20&

ANWHH = Cisa)\so - *8 )\50 —l— )\cpo — CaSg )\cpo — 3¢2 ~SarsS0

1
+3cas2 A0 + CASafl — isa,u + 2 5013, (B.14)

1 1
ANHhh = )\30 + Qca,u — cisa)«po + 3czsa)\¢<p0 — casz)\so

1 4
43052 N850 — CaS2ll — CaSoli3 —|— 3 Ao,
3 14 1 1 1
AHHH = CaAsS0 — gcaug + 2casaAgpo + 2cas )\so + 2c&s + s )\¢4p0

where ¢, and s, stand for cos a and sin «, respectively.
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C Sphaleron solution with magnetic moment

The Lagrangian of the gauge and Higgs sectors of the singlet fermionic DM model is
given by

]' a a,uv 1 v 1
L= = Fi Fo — 2 fu f* + (D,®)" (D"®) + SOuS0"S —V (®,8,T), (C.1)

where
Ff, = 0,W8 — 0,W + ge™*Wiwe,
f;u/ = 8pau - al/a;u

A |
D‘u::a‘u—ggUWu—g
where Wi(a = 1,2,3) and a, are the SU(2), and U(1)y gauge fields, respectively. The

Higgs potential V (®,.5,T) is the effective potential at temperature 7. The corresponding

ga,H,

energy functional is given by

1 1
FE = /d?’x |:4Fi?ﬂ? + (ngﬁ)T (Do) + iaiSaiS +V(®,57)]. (C.2)

In the limit of vanishing weak mixing angle, 6,, ~ 0, the U(1)y gauge field decouples,
and the sphaleron solution is spherically symmetric. We adopt the ansatz for the fields
from refs. [88-91]

gWiaa“dxi = (1— f(&)) Fyo", (C.3)
_ ¥ 0

RN <h(£>) | e

S = sp(§), (C.5)

where £ = gur is the dimensionless distance, and the functions F,, are defined as [89]

F} = —2sin ¢df — sin 20 cos ¢do, (C.6)
Fy = —2cos ¢df + sin 26 sin ¢pd o, (C.7)
Fy = 2sin® 0de. (C.8)

The sphaleron energy can be minimized by the solving the variational field equations

P = (= D= 26)+ 3R - D), (C9)
b2, 2 o 1 9V(hpT)
W g = h( = [ g gt (C.10)
N av(h’p’T), (C.11)

& gre?s® Op
where the prime denotes the derivative with respect to £. To ensure the smoothness at the
origin and the asymptotic behavior at £ — oo, the boundary conditions for f(£), h(§) and

p(§) are given by
f(0) = h(0) =0, (C.12)
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and
f(o0) = h(o0) = p(o0) = 1. (C.13)

Note that the value of S at the origin is not constrained by any condition. The boundary
condition for p(§) can be obtained from the Taylor expansion of the equations around
¢ = 0, which leads to p'(0) = 0.

For non-vanishing weak mixing angle, Oy # 0, the U(1)y gauge field must be taken
into account because its source term is nonzero. The source term of the U(1)y gauge field
a; is given by the current

Biifis = Ji = —%gl [@TDZ@ — (D;®)! cp] . (C.14)
At the leading order in 6y, a; in the current can be neglected, which leads to
1 1
Ji = —*g'th sh2 (&) [1 = F(&)] esija;. (C.15)

2
Thus, in the presence of a constant background magnetic field B along the z-axis, the
energy of the U(1)y field is given by

E = —/d%a?gJi, (C.16)

where ab —(B/2)es;jx; is the vector potential of the background magnetic field. The
sphaleron energy in eq. (C.16) can be rewritten in the form of a magnetic moment u along
the z-axis in the background magnetic field

E = Egipole = —pB3, (C.17)
where the magnetic moment p is defined as
2r ¢ /Oo 272
—_— d&g=h (&)1 — f(€)]. C.18
s o ©1 - 7(©) (C19)

Thus, the non-vanishing weak mixing angle gives rise to a sphaleron magnetic mo-

M:

ment [88], and the sphaleron solution becomes axially symmetric [92]. In this case, the
ansatz for the fields can be chosen as [89]

g'aidxi = [1 — f() (f)] Fg, (019)

gWiodz' = [1 — £ (&)] (Fio' + Fao?) + [L — f3(£)] Fyo?, (C.20)
N

2 () can

S = sp(6), (C.22)

with i = 1,2,3. The energy functional is

p - e d§{8f’2+4f§2 S aBa-rregua-pe -]
g9 Jo £ 3
Ay R T (f ~ )’ + 2(1—f)
3472 §2 0 ) 0—J3
5? 212 52
T2t oV (e, T)}. (C.23)
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The energy functional can be minimized by solving the variational equations

£ = G = DI =2+ B0+ )] + 7R = 1), (C20
= GBA+ =20+ 2] + 32— o) (C.25)
/2
= =0+ 5o fo), (C.26)
w2 2 1 oV(h,p, T
W2 = (1= PP (o= )+ ), (C.27)
, 2, 1 oV(h,p,T
with boundary conditions given by
F(0) = £5(0) = h(0) =0, fo(0) =1, #(0)=0, (C.29)
and
£(50) = f5(50) = fo(o0) = h(c) = p(oc) = 1. (C.30)
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