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In several models of beyond Standard Model physics (BSM) discrete symmetries play an important
role. For instance, in order to avoid flavor changing neutral currents (FCNC), a discrete 𝑍2

symmetry is imposed on Two-Higgs-Doublet-Models (2HDM). This can lead to the formation of
domain walls (DW) as the 𝑍2 symmetry gets spontaneously broken during electroweak symmetry
breaking (EWSB) in the early universe. Due to this simultaneous spontaneous breaking of both
the discrete symmetry and the electroweak symmetry, the vacuum manifold has the structure of
two disconnected 3-spheres and the formed domain walls can exhibit several special properties
in contrast to standard domain walls. We focus on some of these properties such as CP and
electric charge violating vacua localized inside the domain walls. The breaking of 𝑈 (1)𝑒𝑚 inside
the wall leads to the known phenomenon of "clash-of-symmetries" mechanism, meaning that the
symmetry group inside the wall is smaller than the symmetry group far from the wall. We also
discuss the scattering of top quarks off such types of domain walls and show, for example, that
they can be reflected or transmitted off the wall as a bottom quark.
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1. Introduction

Two-Higgs-doublet models are a minimal and well motivated extension of the standard model
of particle physics. In order to avoid flavor changing neutral currents that occur in such models,
one usually imposes a discrete 𝑍2 symmetry on the scalar and fermion sector. The spontaneous
breaking of this symmetry in the early universe might lead, however, to the formation of domain
walls [1, 2]. It was recently [3–6] established that, due to the simultaneous breaking of the discrete
symmetry together with the electroweak symmetry, the DW solution in this model can exhibit
non-trivial behavior localized inside the wall, such as electrical charge and CP-violating vacua. In
this article, we briefly summarize the different possible DW solutions in the 2HDM and discuss the
impact of these types of defects on the scattering of top quarks. The results are based on [6], where
these aspects are discussed in details.

2. Domain wall solutions in the 2HDM

We begin with briefly introducing the model. In the 2HDM the SM Higgs sector is extended by
an extra scalar doublet, i.e. Φ1,2, charged under 𝑆𝑈 (2)𝐿 ×𝑈 (1)𝑌 . We also impose a 𝑍2 symmetry,
Φ1 → Φ1, Φ2 → −Φ2, in order to avoid FCNCs. The renormalizable potential, invariant under the
SM as well as the 𝑍2 symmetries, is given by:

𝑉2HDM = 𝑚2
11 |Φ1 |2 + 𝑚2

22 |Φ2 |2 +
𝜆1
2
|Φ1 |4 +

𝜆2
2
|Φ2 |4 + 𝜆3 |Φ1 |2 |Φ2 |2

+ 𝜆4
(
Φ

†
1Φ2

) (
Φ

†
2Φ1

)
+

[
𝜆5
2

(
Φ

†
1Φ2

)2 + ℎ.𝑐

]
. (1)

The 2HDM includes 8 scalar degrees of freedom. In our work we adopt the non-linear representation
[3, 5] to parameterize the vacua:

Φ1 = 𝑈Φ̃1 = 𝑈
1
√

2

(
0
𝑣1

)
, Φ2 = 𝑈Φ̃2 = 𝑈

1
√

2

(
𝑣+

𝑣2𝑒
𝑖 𝜉

)
, (2)

where 𝑈 is an element of the SU(2)𝐿 × U(1)𝑌 group that is given by:

U(𝑥) = 𝑒𝑖 𝜃 (𝑥 )exp
(
𝑖𝑔𝑖 (𝑥)𝜎𝑖

)
, (3)

where 𝜃, 𝑔1,2,3 are, respectively, the hypercharge angle and Goldstone modes, 𝜎𝑖 denotes the Pauli
matrices, i.e. the generators of SU(2). Vacua with 𝑣+ ≠ 0 are called charge breaking vacua as they
lead to the spontaneous breaking of 𝑈𝑒𝑚(1). For 𝜉 ≠ 0, the vacuum is CP-violating and for 𝑣+ = 0
and 𝜉 = 0, the vacuum is neutral. In our work, we only consider neutral vacua at the boundaries
±∞.
Due to the breaking of the discrete symmetry alongside the electroweak symmetry, the vacuum
manifold of the theory is made of two disconnected 3-spheres:

𝑀 = (SU(2)𝐿 × U(1)𝑌 × 𝑍2)/ U(1)𝑒𝑚 ≃ 𝑍2 × 𝑆3.

In order to get domain wall solutions we need to have the vacua of the doublets at the boundaries
±∞ to lie on different disconnected sectors of the vacuum manifold. In contrast to simple models

2
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where only the discrete symmetry is spontaneously broken, the breaking of the EW symmetry will
lead to a multitude of choices for the vacua at the boundaries. If we suppose that the configuration
{Φ−,Φ+} leads to a domain wall solution:

Φ− =

{
1
√

2

(
0
𝑣∗1

)
,

1
√

2

(
0

−𝑣∗2

)}
, Φ+ =

{
1
√

2

(
0
𝑣∗1

)
,

1
√

2

(
0
𝑣∗2

)}
. (4)

In that case {Φ−,𝑈Φ+}, is also a DW solution. The different choices of the Goldstone modes and
the hypercharge angle at the boundaries will lead to the existence of several classes of DW solutions:
standard DW, CP-violating DW and electric charge-violating DW.

M+M-
Z2

(a) Vacuum manifold M of the model. (b) A patch of the universe after EWSB.

Figure 1: (a) Vacuum manifold M of the model. In this case M consists of two disconnected sectors 𝑀−
and 𝑀+ related by the 𝑍2 symmetry and all the vacua in both sectors are degenerate. The elements of each
sector are related by SU(2)𝐿 × U(1)𝑌 transformations. Φ′

+ and Φ′′
+ are related to Φ+ by different gauge

transformations of SU(2)𝐿 × U(1)𝑌 . (b) After EWSB, causally disconnected regions of the universe can end
up in different vacua of the vacuum manifold. Regions that end up with vacua in separate sectors of M can
have different classes of domain walls depending on the Goldstone angles they acquire.

In order to get a one-dimensional kink solution to a given vacuum configuration where the vacua
lie on different sectors of the vacuum manifold, we need to find the lowest energy solution of such
a configuration. The energy functional related to the scalar sector of the theory is given by:

E(𝑥) =
𝑑Φ̃

†
1

𝑑𝑥

𝑑Φ̃1
𝑑𝑥

+
𝑑Φ̃

†
2

𝑑𝑥

𝑑Φ̃2
𝑑𝑥

+
(
𝑑Φ̃

†
1,2

𝑑𝑥
𝑈†(𝑥) 𝑑𝑈

𝑑𝑥
Φ̃1,2(𝑥) + h.c

)
+Φ̃†

1,2(𝑥)
𝑑𝑈†

𝑑𝑥

𝑑𝑈

𝑑𝑥
Φ̃1,2(𝑥)

+𝑉2𝐻𝐷𝑀 (Φ1,Φ2). (5)

This minimization leads to equations of motion for the 8 vacuum parameters. In this letter we only
discuss the special cases that occur when having only a single Goldstone mode being different at
the two boundaries. For a comprehensive discussion of the complete theory, we refer the reader to
[6] for more details. We therefore can simplify the matrix 𝑈 in (3) and end up with 5 degrees of
freedom.
We start by considering the case when the two vacua of the domains at ±∞ have the same values
for 𝜃 and 𝑔𝑖 leading to 𝑈 (𝑥) = 𝑐𝑜𝑛𝑠𝑡. In this case, the energy functional (5) reduces to:

E𝑠 (𝑥) =
1
2
( 𝑑𝑣1
𝑑𝑥

)2 + 1
2
( 𝑑𝑣2
𝑑𝑥

)2 + 1
2
( 𝑑𝑣+
𝑑𝑥

)2 + 1
2
𝑣2

2(𝑥) (
𝑑𝜉

𝑑𝑥
)2 +𝑉2𝐻𝐷𝑀 .
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The equations of motion of the vacuum parameters 𝑣𝑖 (𝑥) and 𝜉 (𝑥) with the boundary conditions
(4) are solved numerically using the gradient flow method [4, 7] and the results are shown in Figure
2a. Notice that the profile of the vacuum 𝑣1(𝑥) also changes inside the DW as both Φ1 and Φ2 are
coupled via the terms in the potential.

10.0 7.5 5.0 2.5 0.0 2.5 5.0 7.5 10.0
x mh

0.4

0.2

0.0

0.2

0.4

v1
v2

v +

(a) Standard DW solution
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(b) Solution with varying 𝜃
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g2

(c) Solution with varying 𝑔2

Figure 2: (a) Standard DW solution. (b) DW solution when varying 𝜃 across the domains. (c) DW solution
when varying 𝑔2. We use the rescaled dimensionless vacuum parameters �̂�𝑖 = 𝑣𝑖/𝑣𝑠𝑚. The mass parameters
are: 𝑚𝐻 = 800 GeV, 𝑚𝐴 = 500 GeV, 𝑚𝐶 = 400 GeV and 𝑡𝑎𝑛(𝛽) = 0.85 [6].

We now turn to the case when only the hypercharge angle 𝜃 is different on both domains. In this
case we obtain several extra contributions to (5):

E(𝑥) = E𝑠 (𝑥) +
1
2
𝑣2

1(𝑥)
(
𝑑𝜃

𝑑𝑥

)2
+ 1

2
𝑣2

2(𝑥)
[(
𝑑𝜃

𝑑𝑥

)2
+ 2

𝑑𝜃

𝑑𝑥

𝑑𝜉

𝑑𝑥

]
+ 1

2
𝑣2
+(𝑥)

(
𝑑𝜃

𝑑𝑥

)2
.

In Figure 2b, we show the numerical results of the vacuum configuration for initial values of the
hypercharge 𝜃 (−∞) = 0 and 𝜃 (+∞) = 𝜋/2 using Dirichlet boundary conditions. We observe that,
as the value for 𝜃 (𝑥) changes across both domains, the value of 𝜉 (𝑥) representing the phase between
the two Higgs doublets is non-zero inside the DW. This CP-violating DW solution is, however,
unstable as it has a higher energy than the standard DW solution and eventually decays to a solution
with 𝜉 (𝑥) = 0 and 𝜃 (𝑥) = 𝑐𝑜𝑛𝑠𝑡 for all 𝑥.
We now discuss the DW solution for two domains with different values of 𝑔2. In this case, the
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matrix 𝑈 (𝑥) simplifies to:

𝑈 (𝑥) = cos
(
𝑔2(𝑥)/2

)
𝐼2 + 𝑖 sin

(
𝑔2(𝑥)/2

)
𝜎2 =

(
cos

(
𝑔2(𝑥)/2

)
sin

(
𝑔2(𝑥)/2

)
− sin

(
𝑔2(𝑥)/2

)
cos

(
𝑔2(𝑥)/2

)) . (6)

The energy functional E(𝑥) (5) is given by:

E(𝑥) = E𝑠 (𝑥) +
1
8
(𝑣2

+ + 𝑣2
1 + 𝑣2

2)
(
𝑑𝑔2
𝑑𝑥

)2
+ 1

2
𝑑𝑔2
𝑑𝑥

(
−𝑣+cos(𝜉) 𝑑𝑣2

𝑑𝑥
+ 𝑣2cos(𝜉) 𝑑𝑣+

𝑑𝑥
+ 𝑣2𝑣+sin(𝜉) 𝑑𝜉

𝑑𝑥

)
.

The numerical results of the equations of motion for the vacuum configuration are given in Figure
2c, where we used von Neumann boundary condition due to the fact that the difference in 𝑔2 between
both domains grows for the solution with least energy. We find that 𝑣+(𝑥) acquires a condensate
inside the DW. This leads to the breaking of the electromagnetic symmetry𝑈 (1)𝑒𝑚. Such a behavior
can be understood in the framework of the "clash-of-symmetries" phenomenon introduced in [8–
10], which leads to the fact that the symmetry inside the DW is smaller than the symmetry outside
the DW in case the non-broken subgroups 𝑈+(1)𝑒𝑚 and 𝑈− (1)𝑒𝑚 on the asymptotic boundaries
outside the wall are embedded differently inside 𝑆𝑈 (2)𝐿 ×𝑈 (1)𝑌 .

3. Scattering of top quarks off the domain walls

In this section we discuss the scattering of top quarks off the different types of domain walls in
the 2HDM. To do this, we solve the Dirac equation of the top quark in the background of a Higgs
field with the profile of a domain wall.
We consider the type-two 2HDM, where the top quark couples to the second doublet while the
bottom quark couples to the first doublet. In order to get analytical results, we use the thin-wall
approximation which simplifies the spatial profile of the vacuum considerably:

𝑣2(𝑥) = −�̂�2Θ(𝑥) + �̂�2Θ(−𝑥). (7)

As for the vacua 𝑣1(𝑥), 𝑣+(𝑥) and �̃�2(𝑥) = Im(𝑣2(𝑥)𝑒𝑖 𝜉 (𝑥 ) ), it is possible to approximate them with
a delta distribution:

𝑣1(𝑥) = 𝑣1 + �̂�1𝛿(𝑥), 𝑣+(𝑥) = �̂�+𝛿(𝑥), �̃�2(𝑥) = ˆ̃𝑣2𝛿(𝑥 − 𝜖) + ˆ̃𝑣2𝛿(𝑥 + 𝜖), (8)

where �̂�1,2,+ are dimensionless parameters defined as �̂�1,2,+ = 𝑣1,2,+/GeV. For the CP-violating
case, the Dirac equation of the top quark is given by:(

𝑖 /𝜕 − /𝜕𝜃 (𝑥) (𝑌𝑡 ,𝐿𝑃𝐿 + 𝑌𝑡 ,𝑅𝑃𝑅) − 𝑚𝑅 (𝑥) − 𝑖𝑚𝐼 (𝑥)𝛾5

)
𝑡 (𝑥, 𝑡) = 0, (9)

where 𝑚𝑅 (𝑥) = 𝑦𝑢𝑣2(𝑥) cos
(
𝜉 (𝑥)

)
≈ 𝑦𝑢𝑣2(𝑥) and 𝑚𝐼 (𝑥) = 𝑦𝑢𝑣2(𝑥) sin

(
𝜉 (𝑥)

)
≈ 𝑦𝑢𝑣2(𝑥)𝜉 (𝑥) =

𝑦𝑢�̃�2(𝑥) and 𝑡 (𝑥, 𝑡) representing the top quark spinor. The Dirac equation is solved using a plane-
wave ansatz. After matching the results for 𝑥 > 0 and 𝑥 < 0 and getting the solution of the top
quark spinor, we compute the reflection and transmission coefficients of the top quark off the wall
using R̂(p) = − J𝑟𝑒 𝑓

J𝑖𝑛𝑐
and T̂(p) =

J𝑡𝑟𝑎

J𝑖𝑛𝑐
, where J denotes the currents of the reflected, transmitted

and incident particles. The results are shown in Figure 3a where we also show the reflection and
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transmission coefficients for the scattering of top quarks off a standard DW (dashed lines). We also
verify that left-handed and right-handed particles are reflected off the wall with different rates (see
Figure 3b).
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(a) CP-violating scattering
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(b) Δ𝐿𝑅 = 𝑅𝐿 − 𝑅𝑅 for different �̃�2
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(c) Electric charge violating scattering
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(d) Type of particle after scattering

Figure 3: (a) Reflection and transmission coefficients for the scattering off a CP-violating DW (solid) and
standard DW (dashed) for 𝑎 = 2 ˆ̃𝑣2 = 2.1 and Δ𝜃 = 1. (b) Difference in the reflection coefficient for left (𝑅𝐿)
and right-handed (𝑅𝑅) particles for several choices of the CP-violating measure 𝑎 = 2 ˆ̃𝑣2. (c) Reflection and
transmission rates as a bottom and top quark after the scattering of an incident top quark with the electric
charge violating DW, we use 𝑣+ = 10 GeV and Δ𝑔2 = 1. (d) Fraction of particles after the electric charge
breaking scattering as a function of the momentum of the incident top quark for different values of 𝑘 = 𝑦𝑡 �̂�+.

We now discuss the case when 𝑣+(𝑥) ≠ 0 inside the DW. The Dirac equations for the top and bottom
quarks are coupled due to the non-zero 𝑣+:

𝑖 /𝜕𝑏(𝑥, 𝑡) + 𝑖

2

(
/𝜕𝑥𝑔2(𝑥)

)
𝑃𝐿𝑡 (𝑥, 𝑡) − 𝑦𝑑𝑣1(𝑥)𝑏(𝑥, 𝑡) + 𝑦𝑢𝑣+(𝑥)𝑃𝑅𝑡 (𝑥, 𝑡) = 0, (10)

𝑖 /𝜕𝑡 (𝑥, 𝑡) − 𝑖

2

(
/𝜕𝑥𝑔2(𝑥)

)
𝑃𝐿𝑏(𝑥, 𝑡) − 𝑦𝑢𝑣2(𝑥)𝑡 (𝑥, 𝑡) + 𝑦𝑢𝑣+(𝑥)𝑃𝐿𝑏(𝑥, 𝑡) = 0, (11)

which leads to the possibility that the top quark scatters as a bottom quark after its interaction
with the DW. The results for the reflection and transmission coefficients as top or bottom quarks
are shown in Figure 3c. We find that increasing the momentum of the incident top quark leads to
a higher probability for conversion into a bottom quark (see Figure 3d). Another feature of this
scattering is that all the produced bottom quarks are left-handed.

6
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4. Conclusions

In this proceeding we summarized our discussion of domain walls in the 2HDM and their
interaction with top quarks [6]. We showed that, due to the fact that the vacuum manifold has a non-
trivial disconnected structure, we obtain different classes of domain wall solutions with different
properties inside the core of the wall such as CP or electric charge violating vacua. We also showed
that the scattering of top quarks off these types of domain wall occurs in a CP and electric charge
violating manner. Consequences of these phenomena on early universe cosmology are subject of
future work.

Acknowledgments

This work is funded by the Deutsche Forschungsgemeinschaft (DFG) through Germany’s
Excellence Strategy – EXC 2121 “Quantum Universe” — 390833306.

References

[1] W.H. Zurek, Cosmological Experiments in Superfluid Helium?, Nature 317 (1985) 505.

[2] T.W.B. Kibble, Topology of Cosmic Domains and Strings, J. Phys. A 9 (1976) 1387.

[3] K.H. Law and A. Pilaftsis, Charged and CP-violating kink solutions in the
two-Higgs-doublet model, Phys. Rev. D 105 (2022) 056007 [2110.12550].

[4] D. Viatic, Simulations and Phenomenology of Topological Defects in Two Higgs Doublet
Models, Ph.D. thesis, Manchester U., Manchester U., 2020.

[5] R.A. Battye, A. Pilaftsis and D.G. Viatic, Simulations of Domain Walls in Two Higgs
Doublet Models, JHEP 01 (2021) 105 [2006.13273].

[6] M.Y. Sassi and G. Moortgat-Pick, Domain walls in the Two-Higgs-Doublet Model and their
charge and CP-violating interactions with Standard Model fermions, 2309.12398.

[7] R.A. Battye, G.D. Brawn and A. Pilaftsis, Vacuum Topology of the Two Higgs Doublet
Model, JHEP 08 (2011) 020 [1106.3482].

[8] A. Davidson, B.F. Toner, R.R. Volkas and K.C. Wali, Clash of symmetries on the brane,
Phys. Rev. D 65 (2002) 125013 [hep-th/0202042].

[9] A. Davidson, D.P. George, A. Kobakhidze, R.R. Volkas and K.C. Wali, SU(5) grand
unification on a domain-wall brane from an E(6)-invariant action, Phys. Rev. D 77 (2008)
085031 [0710.3432].

[10] E.M. Shin and R.R. Volkas, O(10) kinks: Clash of symmetries on the brane and the gauge
hierarchy problem, Phys. Rev. D 69 (2004) 045010 [hep-ph/0309008].

7

https://doi.org/10.1038/317505a0
https://doi.org/10.1088/0305-4470/9/8/029
https://doi.org/10.1103/PhysRevD.105.056007
https://arxiv.org/abs/2110.12550
https://doi.org/10.1007/JHEP01(2021)105
https://arxiv.org/abs/2006.13273
https://arxiv.org/abs/2309.12398
https://doi.org/10.1007/JHEP08(2011)020
https://arxiv.org/abs/1106.3482
https://doi.org/10.1103/PhysRevD.65.125013
https://arxiv.org/abs/hep-th/0202042
https://doi.org/10.1103/PhysRevD.77.085031
https://doi.org/10.1103/PhysRevD.77.085031
https://arxiv.org/abs/0710.3432
https://doi.org/10.1103/PhysRevD.69.045010
https://arxiv.org/abs/hep-ph/0309008

	Introduction
	Domain wall solutions in the 2HDM
	Scattering of top quarks off the domain walls
	Conclusions

