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1 Introduction

It is observationally known that the baryon and the dark mater (DM) abundances in the
Universe are close to each other: ppy/pp ~ 5. This fact tempts us to pursue the possibility
that these abundances have a common origin. Among various DM models, asymmetric
DM (ADM) scenario [1-12] (see refs. [13-15] for reviews) is one of those that have a potential
ability to address the similarity of DM and baryon asymmetries. In the ADM scenario, the
current DM abundance is described as DM particle-antiparticle asymmetry, which has a
common origin with the baryon asymmetry.

In refs. [16, 17], it was shown that a solitonic object made of the Higgs field is
topologically stable with a minimal addition of higher-derivative operators to the Standard
Model (SM) Higgs Lagrangian as long as the electroweak (EW) gauge fields are ignored, and
can be a DM candidate. Since the mathematical structure of the object is analogous to the
Skyrmion solution in the effective theory of QCD, it was called the Electroweak-Skyrmion
(EW-Skyrmion) [18-20] (see ref. [21] for a recent work). The treatment of ignoring the
gauge interactions is justified when the product of the gauge coupling constant squared and
the coefficient of the higher dimensional operator is small enough. Therefore, the existence
of the Skyrmion solution with the Higgs boson mass, 125 GeV, has been established. It is
however important to consider the effects of the gauge interaction for the discussion of very
heavy EW-Skyrmions as well as of the high temperature physics in cosmology.

In this paper, we incorporate this idea of the EW-Skyrmion as a DM into the ADM
scenario. It has been shown in ref. [16] that the thermal relic abundance is too small to



explain the amount of DM for TeV scale Skyrmions due to too large annihilation cross
sections. Thus there must exist asymmetry between the abundances of the EW-Skyrmion
and anti-EW-Skyrmion in the universe to avoid this annihilation. Actually, when the
SU(2)w gauge fields are taken into account, the EW-Skyrmion is not topologically stable
and the Skyrmion number (DM number) is not conserved. It is meta-stable at best, that is,
a local minimum of the energy functional when the effect of the gauge coupling constant
is small, and can decay by quantum tunneling or thermal processes. Because the decay
process produces the B + L number via the B + L anomaly, we can relate the baryon
asymmetry and the DM number relic abundance in the early universe. This scenario is
similar to that in ref. [3], in which the technibaryon plays a role of the ADM. Interestingly,
the stability and the mass of the EW-Skyrmion strongly depends on the magnitudes of the
higher-derivative terms, which can be directly measured by observing scattering process of
the EW gauge bosons. Thus our ADM scenario is testable by not only DM direct detection
experiments such as XENON experiment but also collider experiments with synergetic
effects. We present the current experimental constraints on our model.

This paper is organized as follows. Section 2 is devoted to a demonstration that the
EW-Skyrmion solution exists even with the gauge fields included. In sections 2.1 and 2.2,
we review the model given in ref. [16] and the EW-Skyrmion without the gauge fields.
In section 2.3 we incorporate the EW gauge interaction into the model and discuss its
impact to the stability of the EW-Skyrmion. In section 3, we discuss how the asymmetry
of EW-Skyrmion density is related to the baryon asymmetry through the (inverse) decay
process, and show that observed ratio of dark matter abundance to the baryon asymmetry
can be explained by this scenario with an appropriate choice of model parameter that is
allowed by currently available experimental constraints. We summarize the discussion in
section 4.

2 Electroweak-Skyrmion

2.1 The Higgs Lagrangian
We start from introducing higher derivative terms into the SM Higgs Lagrangian:

L= Lsy + Lpa. (2.1)
Lsn is the Lagrangian of the Higgs sector of the SM, which is defined in the following way:

2
Loy = ”%W (1 + h("”')> Tr {DNU(I‘) DMU(x)T} + %aﬂh(x)a“h(:n) =V(h(z). (2.2)
VEW

Here, vgw (~ 246GeV) is the vacuum expectation value (VEV) of the Higgs field and we
defined the Higgs H (z) field by a two-by-two matrix notation with the “polar decomposi-
tion” as

h

H(z) = (1 + (x)) U(z), (2.3)
VEW

where h(z) is the field which represents the physical Higgs boson and U(z) represents the

Nambu-Goldston (NG) degree of freedom of the Higgs field:
U(z) = i (@) " fupw (ai : Pauli matrix) : (2.4)



The fields h(z) and U(z) defined in this way have transformation properties under a
SU(2)r x SU(2) g global transformation as:

h(z) — h(x), (2.5)
U(zx) — LU(z)RY, (2.6)

where L and R represents the elements of SU(2)z, and SU(2)g, respectively. The covariant
derivative of U thus is expressed as:
a

o o3
D,U(zx) = 0,U(x) —igW (2) U(z)+1ig'U(2)Y, <2> ) (2.7)

where Wj and Y, are the weak and the hypercharge gauge fields, and g and g’ are their
coupling constants, respectively. The potential term V' (h(z)) appearing in eq. (2.1) takes
the form that is same as the SM:

A
V(h(z)) = Miyw h(z)? + Mogw h(z)® + n
The higher derivative part £,4 in eq. (2.1), which we call “Skyrme term” throughout the

h(z)*. (2.8)

paper, is defined as:

Ly = ayTr [ DU (2)f D,U()| Tr [DFU(2)f DU ()]

+ a5 (Tr [DU (@) D*U)])" (2.9)

Note that the Lagrangian (2.1) is invariant under the global SU(2)z x SU(2)p transfor-
mation when the U(1)y coupling is ignored. The VEV of the Higgs field H(z), h = 7 = 0,
breaks this symmetry as

SU(Q)L X SU(?)R — SU(Q)V, (2.10)

where SU(2)y is defined as a diagonal subgroup of SU(2)y, x SU(2)g and called the custo-
dial symmetry.

In the limit of a4, a5 — 0, the Lagrangian defined above is nothing but the SM Higgs
Lagrangian. The newly added terms (Skyrme terms) describe anomalous quartic gauge
interactions among EW gauge bosons. Phenomenologically, we know only the upper bound
of the coefficients a4 and a5 from the experiments of the EW gauge boson scatterings. We
will present such experimental bounds later. As a possible origin of the terms, the exchange
of heavy resonances generate the O(p*) terms in the effective theory.

In the view point of an effective field theory, h(z) and U(z) do not have to form a
single linear field in general, thus the factor in front of the first term of the Lagrangian (2.1)
could be any function of h(x)/f with f being a scale which is not necessarily related to
vepw. Also a similar factor can be multiplied to the Skyrme term as well. There could be
other types of higher order terms in the Lagrangian, and the form of V' (h(x)) does not have
to be limited to the one shown in eq. (2.8) as well. The choice of the Lagrangian above is to
make the study tractable and to make the difference from the SM Lagrangian as minimal
as possible: only the difference between the Lagrangian discussed in this section and that
of the SM is the existence of the O(p?) terms. There are other O(p*) terms that involve
the field strength of the SU(2) gauge fields. We assume that the coefficients of those terms
are small enough such that the qualitative discussion remains the same.



2.2 EW-Skyrmion without gauge fields (review)

Because the symmetry breaking pattern in eq. (2.10) is similar to that of the chiral symmetry
breaking in two-flavor QCD, we can expect an existence of a Skyrmion-like soliton described
by the Higgs field, which is called the EW-Skyrmion. In particular, they are exactly the
same when the radial component scalar h(x) and the gauge fields are absent.

It is known that the existence of the EW-Skyrmion is topologically ensured even when
h(z) is included, as long as the gauge fields are ignored. To see this, we set g = ¢’ = 0 in
the covariant derivatives for a while. For simplicity, we take ay = —a5 = . This model is
same as the one discussed in refs. [16, 17]. Then the Lagrangian becomes

2 h(z)\? 1
L =2EW (1 + @)> Tr [aMU(:c) 8“U(a:)T] + =0, h(x)8"h(z) — V (h(z))
4 VEW 2
1 2
+5al 0.U @) U@)', 0,U() U], (2.11)
where [A, B] = AB — BA.
To describe the EW-Skyrmion, we take the hedgehog ansatz for the static configuration
of U(z) as _
Ux) = 0o, (2.12)

where
r = \/Ti%;, & =xifr. (2.13)

As for h(x), we assume that the static solution, hg(x), is spherically symmetric:
ho(z)/vew = ¢(r). (2.14)

With these ansatz, the total energy of the system takes the following form:

B o0 600)] =2 () a7 | (14600 <§’<f>2 +2 SmZG(T))

72

) (500 )

7:2

o, M (oo s 1oy
F P+ i (307400 + 000 |- 21)

e2 vy
Here we have defined “Skyrme coupling” e = 1/(4y/a) and the dimensionless variable

7= LUEW (2.16)

4o’

and &('F) = ¢(r). We have replaced the parameter A by the mass of the scalar my, by using

the relation A\ = m?/(2vdy). The energy is minimized when 6(7) and &(7) satisfy the
following coupled equations:

(1+ gs(f)f (= sin 20(7) + 270 (7) + 720" (7)) + 2 (1 + (7)) &/ (7) 720 (7)

sin? 0(7) sin 260(7)
_ >

+sin 20(7) 0'(7)? + 2sin? O(7) 6" (F) = 0. (2.17)
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Figure 1. Plots of the r-dependence of the profile functions 6, ¢. We have taken ay = —a5(= o) =
0.1 and mpy = 125 GeV. The energy of this configuration is calculated as 14.8 TeV.

(1+6(7) (70 () + 25102 8(7) ) — 27 (7) — 72" (7)

m2 5 - -
S a7 (28(7) + 33 + 3()') =0, (2.18)

2,2
2€UEW

We numerically solve the above equations with the following boundary conditions

#0)=0  6(0)=n (2.19)

¢(F) =0, O(F) =0 (7 — o0), (2.20)
and find that the system always has topologically a non-trivial field configuration as far
as o > 0, which is identified with the EW-Skyrmion. In figure 1, we show the example
of 8(7) (upper blue curve) and @(7) (lower orange curve) in the case of a = 0.1(e ~ 0.79),
vpw = 246 GeV, and m; = 125 GeV. Figure 2 shows how the mass of the EW-Skyrmion
depends on the input value of a.

Let us discuss the stability of the EW-Skyrmion. As the original Skyrmion in the
Skyrme model, it is topologically stable because the configuration has a non-trivial winding
number (Skyrmion number) Ny defined as

— _ CGijk 3
Ny = — ik /d e Te [ViViVi) | (2.21)
with V, = (0,U) U'. Under the compactification of the three-dimensional space R? to S3,
this quantity always amounts to an integer value. Thus all possible configurations are
classified into topological sectors labeled with this integer. This follows from a mathematical
fact that the vacuum manifold

SU(?)L X SU(2)R
SU(2)v

M = ~ 83 (2.22)
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Figure 2. The EW-Skyrmion energy as a function of a. We have taken ay = —a5 = « and

mpy = 125 GeV,vgw = 246 GeV. The energy approaches to 0 as o — 0.

has a non-trivial third homotopy group m3(M) = Z. The field U(x) maps the three
dimensional space R? U {co} ~ 3 into the vacuum manifold S3, where {oo} is the point
at infinity, and hence Ny is nothing but the winding number corresponding to this map
and is a topological invariant. The configuration of the EW-Skyrmion, eq. (2.12), with
the boundary condition egs. (2.19) and (2.20) has Ny = 1, and cannot be continuously
deformed to the vacuum in which the EW-Skyrmion is absent (Ng = 0). Therefore, the
EW-Skyrmion is topologically stable as far as g = ¢’ = 0 and « > 0. For a < 0, there is no
stable solution with non-trivial winding numbers.

We assume that the EW-Skyrmion is electrically neutral. The quantum numbers
depend on the UV theory to induce the Skyrme terms, and are in general encoded in the
Wess-Zumino-Witten term [22]. Here we assume that the UV theory does not induce the
WZW term so that the EW-Skyrmion is neutral and quantized as a spin-0 state. Examples
include an SU(2) gauge theory with two flavors of quarks, which can give a neutral and
spin-0 baryon, while we do not specify the UV model in this paper.

2.3 EW-Skyrmion coupled with gauge fields

We here discuss effects of the SU(2)y gauge interactions. For simplicity, throughout this
paper, we ignore the U(1)y gauge field, i.e., ¢’ = 0, which is expected not to affect the
present argument drastically because the effect of ¢’ # 0 is quite small in the case of the
electroweak sphaleron [23, 24].

Firstly, we should note that the solution for F(r) and ¢(r) obtained above is no longer
consistent with W = 0 when g # 0, because the SU(2)y current, which is given by

Jo = 5%6& (2.23)
T W=0
2 2 a a
= 2¢g”iw (1 + h(x)> Tr [Uv} — 2igaTr ([U,Vy} [VZ-,VV]) : (2.24)
VEW 2 2



does not vanish in general. (We have used V,, = (9,U)UT.) The induced amount of the
gauge field W* can be estimated based on the perturbation theory with respect to g through
the linearized EOM:

0;(O;Wi — O;W}) = —J}! (2.25)

2 OPW ~ gvAwR T 4+ gaRT3 (2.26)

where R ~ /a(vgw) ! is the typical size of the EW-Skyrmion for g = 0, and we have
omitted the indices ¢ and i for a rough estimation. The typical size is understood by
the condition

vEwR 2 ~ aR™4, (2.27)

where the left-hand side and the right-hand side represent the O(p?) and O(p*) terms in the
Lagrangian, respectively, and are balanced to obtain a stable solution. Thus the induced
W is rewritten as

W ~g (v%wR + aRil) ~ gV vgw. (2.28)
Accordingly, the energy is shifted from the original one by
1 a a a Ja 1 a Ja
AE = /d% {4WUWU - W Ji} =3 /d%m JS (2.29)
~ —R? x gv/avgw X gaR™3 ~ —g?a® ?vgw . (2.30)

Compared with the original energy of the order of O(y/avgw), the original solution is
deformed by the order of g, instead of g2 alone. Therefore, as long as g?a < 1, the gauge
interaction can be thought of as a small perturbation to the discussion in the previous
section. For g?a > 1, the solution is destroyed as we see later.

In such a deformed configuration with W # 0, the topological stability is not ensured
any more. This is understood by noticing that there is no gauge-invariant topological
charge. Indeed, the Skyrmion number (2.21) is not gauge invariant, and its winding can be
removed by a large gauge transformation. An alternative gauge invariant quantity labeling
the configuration is

@ =Ny + Ncs, (2.31)

where Ncg is the Chern-Simons number,

2 2
g / &3z e Ty {WUWk—F;’gWinWk. (2.32)

1672

NCS =

Although the individual quantities Ny and Ncg are not gauge invariant, () is so because
the large-gauge dependence in Ng is compensated by that from Ncs. However, () is not
topologically conserved nor an integer value. Instead, () can be continuously changed as

2
_ _ 9 4 n
AQ = ANcs = - / d*z Te[FF) (2.33)
and the right hand side can take an arbitrary value in general. (Note that Ny is topologically
conserved, ANy = 0.) Thus any static configuration with  # 0 can be continuously
deformed into the vacuum corresponding to ¢ = 0. Therefore, the EW-skyrmion with



non-zero g cannot be topologically stable, but “classically stable” at best. The decay rate
due to the tunneling is estimated to be exp(—87%/g?), which is small enough as in the case
of proton decay through the instanton effect.

The (classically) stable EW-Skyrmion is indeed found for small g?a. To obtain a
solution of the EOMs beyond the perturbation theory with respect to g?a, we have to rely
on a numerical analysis. To do so, let us construct an ansatz of the gauge fields W/ in

addition to the ansatz of the Higgs, U(z) and ¢(x), egs. (2.12) and (2.14). A spherically
symmetric ansatz for W; is given as [18, 25]

_ Rex(r) — 16 . Imx(r)

gWwit —, CiabTy — f(ém — BiTq) — 0(1) &g (2.34)

and W§ = 0.
We should note that these ansatz have a residual gauge symmetry generated by a gauge

transformation ‘

G = exp {w(r)ii(;z} , (2.35)

which acts as
x(r) = ey (r) (2.36)
0(r) — 0(r) + ”(QT) (2.37)
d(r) = o(r) + Orw(r). (2.38)

To fix this redundancy, we take a gauge such that Imy(r) = 0.
After substituting the above ansatz, we obtain the energy functional as

E [ 1
4 /0 dr[%ﬂr? 20207 — 2% ! 1]
1
+ 5 (6% —406) 7202 (1 4+ 6) + 8a(1 + x* — 2 cos 20)]

1 1 1
+ Z)\r2v4(gb4 + 4¢° + 4¢%) + =120 + ¢?) + 1(212 + 16a6?)(1 4 x? — 2x cos 26)

2
+ia(1+ 44\ cos20 — 4 20 4 2x2 cos 40 + 4>
o2 X X~ cos X cos 20 + 2x“ cos 40 + 4x°)
1
+ ZUZ(QSQ +2¢)(2r%0" — 2y cos 20 + x> + 1) | , (2.39)
where we have assumed a4y = —as = « for simplicity and the prime denotes the derivative

with respect to r. Note that § does not have a kinetic term, which means that it is an
auxiliary field and is explicitly solvable. The solved value is

8 2 —1 _
5 =20 (1 — g% [7‘2112(1 + ¢)? + 81 + x* — 2x cos 26) + 8X2/g2} ) = 0. (2.40)

Under the constraint (2.40), we solve the EOMs for x, ¢, and 6 numerically. We have
imposed a boundary condition for x as

x(0) = x(o0) =1 (2.41)
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Figure 3. Plots of the r-dependence of the profile functions x, 0, . We have taken ay = —a5 =
a = 0.1. The length unit is taken so that vgw = 1. The physical point of g and mp corresponds to
the upper right panel. Q = Ny + Ncg is obtained as 1 — 1.9 x 107°, 1 — 0.054, and 1 — 6.5 x 104
in the upper-left, upper-right, and lower panels, respectively.

for regularity and finiteness of the energy. The boundary conditions for ¢ and 8 are the same
as the previous ones, egs. (2.19) and (2.20). In figure 3, the r-dependence of the solutions
are shown for several parameter values keeping a = 0.1. The qualitative behaviors of # and
¢ are not different from those with g = 0. Figure 4 shows that the relation between the
energy (mass) of the EW-Skyrmion and the parameters g, . Note that, no stable solution
is found for g%« > (0.21)2. This is consistent with a perturbative analysis (see appendix A),
which predicts an emergence of instability for large g?a.

In addition, the gauge invariant quantity, () = Ng+ Ncg, is indeed non-integer values for
the obtained solutions because N¢g is not an integer in general. In figure 3, for instance, Q
is calculated as 1 —1.9x 1075, 1—0.054, and 1 —6.5 x 10~* in the upper-left, upper-right, and
lower panels, respectively. It deviates from unity by at most —0.22 for g = 0.65 and o = 0.1009.
This deviation is not due to the numerical error but is consistent with previous studies in
the literature, e.g., ref. [18], in which the light scalar field (physical Higgs boson) is absent.

Finally, we also obtain solutions for more general cases by relaxing the condition
a4 = —as, i.e., taking oy and as as independent values in Lagrangian eq. (2.9). Figure 5
shows a contour plot for the dependence of the energy on the two parameters a4 and as
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dashed line in the right panel indicates the energy calculated by the ansatz without the gauge field
(figure 1). No stable solutions are found for & > 0.11 in the left panel and g > 0.67 in the right panel.

keeping my, vgw, and g as the physical values
VEW — 246 GeV, myg = 125 GeV, g = 0.65. (2.42)

For comparison, we also present the previous result studied in ref. [17] in figure 6, in which
the gauge fields are decoupled by setting ¢ = 0. The Higgs VEV and mass are taken as
the physical values. In both figures, white blank region represents that there is no stable
solution. We found that the EW-Skyrmion mass is bounded from above at around 12 TeV
as shown in figure 5. This is in contrast to the previous case without the gauge fields
(figure 6), in which the energy can be arbitrarily large for large negative values of ay and
as. We conclude that the EW-Skyrmion exists as a stable soliton object even when the
SU(2)w gauge fields are included in the Lagrangian for a certain parameter range of ay
and as. Experimentally allowed region for oy and a5 will be presented in the next section.

Before closing this section, we should note that the EW-Skyrmion decays with a finite
lifetime by quantum or thermal processes even though it is a stable solution to the classical
EOMs because its field configuration can be continuously deformed into the vacuum as
stated above. Importantly, the EW-Skyrmion carries a non-trivial Chern-Simons number,
and hence its decay produces the baryon number via the chiral anomaly:

A(B + L) = 6ANcs = 6AQ, (2.43)

where B and L are the baryon and lepton number, respectively. The second equality in
eq. (2.43) follows from the definition of @, eq. (2.31), and the fact that Ny is topological,
i.e. ANy = 0. While the decay width at the zero temperature is exponentially suppressed,
it is not negligible at the finite temperature as in the case of the sphaleron process. This
finite-temperature decay together with eq. (2.43) makes the scenario possible that the
EW-Skyrmion is an asymmetric dark matter, that is, if the (inverse) decay process is in the
chemical equilibrium in the early universe, we can predict the relation between the DM
relic abundance and the baryon number density, as we will discuss in the next section. It
is interesting to note that AQ is non-integer when the EW-Skyrmion decays. This means

~10 -
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Figure 5. Contour plot of the mass of the EW-Skyrmion in a4 — a5 plane. White blank region
represents that there is no stable solution. The maximum value of the skyrmion mass is about
12 TeV. The right panel is an enlarged version of the left one. The black dashed lines indicate the
most stringent experimental bound from CMS analysis [26]. See section 3 for more details.
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Figure 6. Contour plot of the mass of the EW-Skyrmion in a4 — a5 plane for g = 0. White blank
region represents that there is no stable solution. This is the same result presented in ref. [17]. The
mass of the skyrmion can be arbitrarily large, depending on a4 and as.

that A(B + L) is also non-integer while the final state should have an integer B + L. For
consistency, the EW-Skyrmion should carry a small non-integer B 4+ L originated from
non-trivial configuration of the gauge fields with Ncg # 0 through the chiral anomaly.

3 Dark matter abundance

By assuming the geometric cross section, 7R?, for the pair annihilation of EW-Skyrmion and
anti-EW-Skyrmion, the thermal relic abundance is estimated as QA2 ~ 0.1 x (60 GeV /M)?

!We thank Ryutaro Matsudo and Kyohei Mukaida for discussion on this point.
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which is too small as DM for TeV-mass EW-Skyrmions that are experimentally allowed [16].
Therefore, we here discuss the possibility of having primordial asymmetry of the EW-
Skyrmions, which remains as DM today. We find that the scenario is consistent with both
experimental constraints and the baryon asymmetry of the Universe.

3.1 EW-Skyrmion as asymmetric dark matter

We here propose a scenario that the EW-Skyrmion is an asymmetric dark matter. As is
shown in eq. (2.43), the decay of the EW-Skyrmion can produce the baryon number and
vice versa, and hence we can relate them once they get in thermal equilibrium. A similar
study in the context of the techni-hadron as an asymmetric dark matter candidate was
done in ref. [3]. See also ref. [2]. We hereafter call the decay process of the EW-Skyrmion
“sphaleron-like process” although it is different from the ordinary sphaleron process between
two degenerated vacua. We assume that the process becomes inactive at a temperature
T ~ T* and the baryon number and the DM number are frozen out for T' < T*. Because
we rely on the Higgs effective field theory approach, T should not be larger than the critical
temperature 7T, of the EW phase transition and is typically of the order of 10? GeV.

To discuss thermal history, we start with a formula consisting of the number density
and the chemical potential for a particle species labeled with i:

L
where

and g; is the number of the internal degrees of freedom. The function f(z) has different
expressions depending on the statistics of the particles,

ﬁ Jiee h2(11/ = 2) (fermions)
oS ERVATEE "
F@ =1 o v (3.3)
== Jo (bosons)
sinh? (% Vi y2+x2)
and has asymptotic formulae as
1/6 (fermions)
f(0) = (3-4)
1/3  (bosons)
and
3/2 fe :
fl@>1) ~2 (3”) o~ ) formions) (3.5)
2m (bosons)

Then, we define 6 + 3N chemical potentials as table 1, where N is the number of the
fermion generations (N = 3 in the SM). Using these chemical potentials, we express the
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— T 0
W= 1¢" | ur | ug | dr, | dr | vrLi | eri | €ri

Bpwo| MO | MuL | HuR | MdL | MdR | Hi | HiL | HiR

Table 1. Table for the definition of chemical potentials in the EW broken phase. ¢° is the neutral
component of the Higgs doublet, i.e., the physical Higgs boson. The indices R and L represent
chiralities of the fermions. ug() and dg(r) denote the up-type and down-type quarks, respectively.
They are assumed to be independent of the generations because of the gluon interaction. eg(r); and
vr; are the charged leptons and the left-handed neutrinos with ¢ being the label for the generations.
There are 6 + 3N chemical potentials in total.

baryon and lepton number density as

np
O monT? N(piur, + pur) + N(par + par)
ermion
= 4N piyr, + 2N pw (3.6)
nr
M S (it it pin)
f(o)ferrmonT i—1~N

=3u+ 2NHW — N/J[) (37)

where we have assumed that the masses of the fermions are negligible and =", x -
On the other hand, the number density of the EW-Skyrmion, i.e., the DM number density
is given as

npmMm _
f (mom(T)/T) T2~ MM

(3.8)

with its chemical potential upy.
We assume that the electroweak and the Yukawa interactions are in the chemical
equilibrium for 7" ~ T™, and hence obtain the following relations:

par = pur, + pw (W™ < ur +dr) (3.9)
pir, = pi +pw (W™ < vip + eir) (3.10)
UuR = Mo + oL (qbo < up, + uR) (3.11)
par = —po + pw + pur, (67 <> d + dg) (3.12)
pir = —po + pw + i (¢° < e + Eir) - (3.13)

By using these 3 + 2N relations, we can express all of the chemical potentials in terms
of 3 + N chemical potentials: uw, po, pur, and p;. Note that pug = 0 because of the
condensation of ¢'. In addition, due to the charge conservation, the charge neutrality

condition must be met,

2N (ptur, + fur) — N(par + par) — Y _(tir + pir) — 6w

7

=2Npur, — 20— (4N + 6)pw + (4N + 2) o
=0. (3.14)
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Because the sphaleron-like process is in the chemical equilibrium at T' ~ T, we obtain
the relation between the chemical potentials of the baryon, lepton, and the dark matter
(EW-Skyrmion). From eq. (2.43), a single dark matter decays into fermions with B+L = 2N.
Then we have the following relation [3]:

N(prur, + 2ptaz) + ) pi + pom = 0, (3.15)

)

or equivalently,
SNpyr +2Npw + o+ pupm = 0. (3.16)

By using egs. (3.6)—(3.16), we obtain the following relation:

nom  f (mpy/T) {16]\7—1—27 AN + 6 nL]

ng f(0)fermion L22N +36 ' 1IN + 18np

(3.17)

Here, myyy; represents the dark matter mass at 7' ~ T"*. By substituting N = 3, we obtain

npMm  f (mpn/T) {25 6 nL} .

= — [ —|— J—
np f(o)fermion 34 17 np

(3.18)

Then the ratio of the present relic abundances of the dark matter and the baryon is
expressed as

Qom _ nommom S (mpy/T7) {25 6 ni] mom (3.19)

Qp np  Mp F(O)fermion 134 17np| my, :

* 3/2 %
~ K <m12<M) exp <_ mﬁM) (3‘20)
where
6 25 6 nr | mpm

= ZSanl|lm o 3.21
V2m3/2 {34 T sl m, (3.21)

and m,, is the proton mass. Figure 7 shows the plot of Qpn/Qp versus miyy/T*. Note
that K itself is not determined by the present argument since it depends on ny/ng. For
typical values of mpy ~ miyy ~ TeV, T* ~ 100 GeV and nr/np ~ O(1), we find that the
desired relation, Qpn/Q2p ~ O(1) can be realized.

Instead of using nr/np, it is convenient to rewrite eq. (3.19) in terms of conserved
quantities, Ypy—p/3 = (npm —np/3)/s and Yp_f = (np —nr)/s with s being the entropy

density, as
QpMm B 111 YDM—B/S +12Yp_ mpwMm (3 22)
Q% —102Ypy_pys + 36X Vg1 my '
with N "
_ fmpn/T7) (3.23)
f(o)fermion

In this formula, since Ypyi_p/3 and Y, are conserved, one can use the values at which
they are produced. While X is very small, such as O(10~(4=9) for mpy ~ O(1) TeV, a

— 14 —



10—
8; — K =200 1
I K = 1000
o | ,
o 6 K = 3000 i
< ,
S S S e e
S Y ]
A ]
07\\ i [N SN S S —
4 14 16 18

Figure 7. Plot of Qpn /g versus myy, /T for several choices of K. The black dashed line indicates
an appropriate value to explain the observed ratio Qpy/Qp ~ 5. The parameter K depends on the
thermal history before the EW phase transition and is treated as a free parameter.

large factor mpn/my, can compensate such a suppression, and one can obtain O(1) values of
Qpm/Qp when Ypy—p/3 # 0. On the other hand, for npy—np/3 =0and np_ = —ng #0
as in the case of the leptogenesis scenario, the X-dependence is canceled out in eq. (3.22),
and one obtains too large ratio Qpn/Qp = mpwm/3my, > 1. For successful cosmology, the
baryogenesis requires to generate npy — np/3.

Note that, before the EW phase transition, the EW-Skyrmion itself does not exist
since there is no NG mode from the Higgs field. Nevertheless, the corresponding quantum
number can be defined in the language of the UV model behind the Higgs sector. Thus it is
possible to generate npy before the EW phase transition by the dynamics in the UV model.

3.2 Experimental constraints

As we mentioned in the previous section, a4 and a5 parameterize the deviation from the
SM wvalue of quartic gauge couplings, and magnitude of them are experimentally constrained
by measurements of weak gauge boson scattering amplitudes. The currently available
constraints from ATLAS and CMS analyses of LHC experiment are given as

(CMS) [26] || < 0.0012, |as| < 0.0016 (3.24)

(ATLAS) [27] —0.024 < aq < 0.030, —0.028 < a5 < 0.033 (3.25)

with 95 % CL limits. Here we have translated the CMS result analyzed in the linear
representation of the Higgs field into the non-linear one. See appendix B for details. These
bounds are obtained by using the semileptonic final states. Combining these constraints
and figure 5, an upper limit for the mass of the EW-Skyrmion is obtained as

mpwM 5 2.2TeV. (326)
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On the other hand, there are stringent bounds from DM direct detection experiments,
which constrain the coupling to the nuclei for sub-TeV DM. To discuss it, we assume
the effective Higgs-portal-like coupling Lfr. ~ —r|S|*|H|?, where S and H denote an
EW-Skyrmion field and the SM Higgs doublet, respectively. Then we obtain the spin-
independent cross section for the elastic scattering between the EW-Skyrmion and the

nucleon as
2 £2
081227]\[114 (3.27)
TMH\ M,
2 2 2
K 1TeV f 46 9
~ | — - 3.6 x 10 3.28
<0.1) (mDM> <0.3> S s (3.28)

where mp is the nucleon mass and f is the form factor, which is taken to be 0.3 here.
The most stringent upper bound on ogy is obtained by the PandaX-4T and XENON1T
experiments [28-30]. When we take x = 0.1, the bound is translated to the lower bound of
the EW-Skyrmion mass as

mpwM Z 0.9TeV. (3.29)

This value strongly depends on the choice of k and becomes 2.6 TeV and 0.6 TeV for k = 0.5
and k = 0.05, respectively. Therefore, we conclude that the EW-Skyrmion with mass
between 0.9 TeV and 2.2 TeV, with certain amount of uncertainty, is consistent with the
current experimental bounds, while explaining the ratio of the relic abundances of dark
matter and the baryon number in the universe.

4 Summary

We have proposed a scenario that the EW-Skyrmion, a meta-stable soliton consisting of
the Higgs and the EW gauge fields, plays a role of the asymmetric DM. In contrast to
the case that the gauge fields are ignored, the EW-Skyrmion is not topologically stable
but classically for some parameter region of the magnitudes of the higher derivative terms.
At high temperatures, the EW-Skyrmion can decay through a process which changes the
Chern-Simons number Ngg. Such a process generates the baryon number due to the
B + L anomaly, which enables us to relate the baryon number density and the DM number
density. From the experimental results to look for the anomalous quartic gauge coupling,
we have imposed the experimental bounds on the magnitudes of the higher-derivative terms,
a4 and as, which are translated into the upper limit of the mass of the EW-Skyrmion.
In addition, we have studied the experimental bound from the DM direct detection in
XENONIT experiment. We have obtained a lower bound for the mass with uncertainty.
We conclude that the scenario of the EW-Skyrmion as the asymmetric DM can naturally
explain Qpy/Qp ~ 5 within the experimental bounds of the mass of the EW-Skyrmion,
0.8 TeV < mpum < 2.2TeV. We emphasize that our scenario is independent of UV physics
because we have utilized the effective Lagrangian for the Higgs field.

Let us comment on bounds on our scenario from indirect DM searches using cosmic rays.
Since the DM relic abundance is dominated by the asymmetric part, the pair annihilation
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of the EW-Skyrmion and anti EW-Skyrmion is suppressed to occur in the present universe.
Therefore indirect DM searches give no severe constraints.

In this paper, we have ignored the U(1)y coupling, ¢’ = 0, while switching g on. This
coupling is expected to shift the mass of the EW-Skyrmion by a few percent level and not to
change the present argument qualitatively. We should confirm that this is true by numerical
analysis and that there is still allowed parameter space, which will be done elsewhere. In
addition, we have expressed the temperature in which the sphaleron-like process is out
of equilibrium as T*. In principle, this is calculable and determined by the energy of
a sphaleron-like solution, which is sitting at the top of the energy barrier between the
EW-Skyrmion and the vacuum configurations. This would also be theoretically interesting
in the context of unstable classical solutions in the gauged non-linear sigma model.

For the future perspective, improvements of the experiments, XENON experiment and
the collider experiments at (HL-)LHC and/or ILC, will impose more stringent constraints
on our scenario. In particular, the bounds of a4 and aj obtained from measuring anomalous
quartic gauge coupling are very crucial. If any deviation of the parameters from the SM
value (g = a5 = 0) will be detected by such precision measurements, it strongly supports
our scenario and can predict the DM mass. In addition, since leptogenesis is incompatible
with our scenario as stated above, it gives some implications on UV models beyond the SM.
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A Perturbative analysis of (in)stability

We show based on a perturbative analysis that the stable EW-Skyrmion is not expected for
large g?«. To this end, it is convenient to clarify what terms of the energy functional have
potentials leading to the instability. For the sake of convenience for the reader, we present
the energy functional again:

E e 1 252 2 2.2 | 4
e —/0 dr[2927a2 {2(7‘ 0 —=1)x“+2r°x* + x —|—1}
1
+ 5 (6% — 408) 7202 (1 4+ 6)? + 8a(1 + x* — 2 cos 20)]
1 1 1
+ Z)\r204(qb4 + 4¢3 + 4¢4%) + 57“21)2(0'2 + ¢ + Z(v2 + 16a6?)(1 4 x* — 2x cos 26)

1
+ 2—204(1 + x* — 4\ cos 20 — 4y cos 20 + 2x? cos 40 + 4x?)
,

+ %vZ(QSQ +2¢)(2r%0"* — 2y cos 20 + x> + 1) | , (A.1)

which is the same as eq. (2.39). We have assumed oy = —a5 = « for simplicity. As is
stated above, § does not have a kinetic term, which means that it is an auxiliary field and
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is explicitly solvable. The solved value is
= ol 812 2 2 2, 2]~}
5=20"(1 el (1+¢)° +8a(l+ x~ —2xcos20) 4+ 8x“/g : (A.2)

Note that, when we set § = 6 and x — 0, all terms including #(r) in eq. (A.1) vanish. Thus
a fluctuation around 0(r) does not change the energy, i.e., it is a flat direction. In general,
such a criticality probes the emergence of the instability. Indeed, if y passes through 0
and goes to negative values, the instability for § appears because, using § = 6, the only
quadratic term of # comes from

— 2xcos20 ~ —2x + 4x02 + O(8), (A.3)

which is clearly tachyonic for xy < 0.

Now, the problem has reduced to the following question: does x(r) vanish (or become
negative) at some point for large g?a? To see this, we recall that the gauge field W; is
generated through the linearized EOM (2.25) (see section 2.3) at the leading order of g%a.
Substituting the ansatz of U and h, egs. (2.12) and (2.14), we can rewrite the SU(2)y
current as

Eaib‘%b

Jf = — guiw (1 + ¢)*sin® 0(r)

atb

, sin?é €M’ Ty

— 8ga [(cos 200") + () (A.4)

)
- 1sm 0(r) .

where we have omitted terms that include symmetric tensors with respect to the indices i
and a because they are not relevant for x. Then, projecting onto the anti symmetric part
with respect to the indices ¢ and a in the linearized EOM, we can solve it for x as

Eaibi'b

1—v ..
0? {Xe‘”b:ib} x gaR™?sin? 4 (r)

gr (A.5)

r

where we have replaced U%W by a~'R~2 and dropped O(1) factors in Ji*. Roughly, the
derivative acting on W; can be replaced by R~!, and we obtain

1 —x o gasin?6(r). (A.6)

Hence y significantly deviates from unity when g2 is large. Therefore, within the leading
order of the perturbative analysis, x is expected for sufficiently large g%« to vanish at some
points with sin f(r) # 0, which generates the instability. This behavior of the vanishing x
and the emergence of the instability is confirmed by numerical analysis.

B ATLAS and CMS experimental constraints for aQGC

In ATLAS analysis (e.g., refs. [27, 31]), operators described in the non-linear representation
are used to parameterize the anomalous quartic gauge couplings (aQGCs). Among them,
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we focus on two operators
asTr [D,UD,U| Tr [D*UT DU (B.1)
asTr DU DU | Tx [D,UT DU (B.2)
which are nothing but the higher derivative terms £,1 eq. (2.9) we use in this paper.
On the other hand, in CMS analysis, the linear representation for the Higgs field is

used (e.g., refs. [26, 32]). Operators that give the same scattering process with the oy and
as terms in the non-linear representation are

% (D.®)'D,a] [(D'®) D @] (B.3)
% (D.®)fD"| [(D,@)!D"®] . (B.4)

Following ref. [33], we can relate them by the following equations

Jo Bay fi 8as
e — s B.5
AT vy AT gy (55)
Using these, we can translate bounds on fo/A* and f;/A* into those on oy and as. The
most stringent bound on the aQGCs is given in ref. [26] by CMS as

fo _ _ fi _
‘/\4 < 2.7 (TeV™4), —3.3 (TeV™) < T3 <34 (TeV 4, (B.6)
which are translated to
las| < 0.0012, las| < 0.0016. (B.7)
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