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Dark matter
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• There are many evidences for dark matter

Galaxy rotation curve (from Wikipedia)

Gravitational lens (from Wikipedia)



Dark matter
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Why are they close to each other?  
coincidence problem

→ ΩDM /ΩB ≃ 5

→ Common origin?



Baryon Asymmetry 
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⇒ ηB ≡
nB − nB

s
≃ 10−10

• Let's recall how baryons remain in our universe.

nB nB

pair annihilate

nB nB

• Symmetric part of baryon relic abundance annihilates after 
QCD phase transition, and then asymmetric part remains.
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⇒ ηB ≡
nB − nB

s
≃ 10−10

• Let's recall how baryons remain in our universe.

nB nB

pair annihilate

nB nB

• Symmetric part of baryon relic abundance annihilates after 
QCD phase transition, and then asymmetric part remains.

A similar thing happens with DM?



Dark Matter Asymmetry?
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nDM nDM

pair annihilate

nDM

• DM and anti-DM were abundant in early universe.

nDM

early universe present universe

• Almost of them annihilated, but the asymmetric 
part remains in universe.

A scenario:



Asymmetric Dark Matter
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[Barr, Chivukula, Farhi '90]  [Kaplan '92]
[Kitano, Low '04]  [Kaplan, Luty, Zurek '09] 

nB nB nDM nDM

some mechanism

pair annihilate

• Similarly to baryons, DM symmetric part annihilate 
and asymmetry remains as DM relic abundance.

• DM asymmetry and baryon asymmetry are related 
by some mechanism.
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How to realize these? 
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[Barr, Chivukula, Farhi '90]  [Kaplan '92]
[Kitano, Low '04]  [Kaplan, Luty, Zurek '09] 

nB nB nDM nDM

some mechanism

• Similarly to baryons, DM symmetric part annihilate 
and asymmetry remains as DM relic abundance.

• DM asymmetry and baryon asymmetry are related 
by some mechanism.

portal interaction  ℒ ⊃
1

Λn
𝒪DM𝒪SM

How to realize these? 

Naive choice: stable BSM particle(s)

nDM nDM
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nB nB nDM nDM

some mechanism

• Similarly to baryons, DM symmetric part annihilate 
and asymmetry remains as DM relic abundance.

• DM asymmetry and baryon asymmetry are related 
by some mechanism.

Our work:
soliton made of Higgs 
& EW gauge bosons

nDM nDM



Asymmetric Dark Matter
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[Barr, Chivukula, Farhi '90]  [Kaplan '92]
[Kitano, Low '04]  [Kaplan, Luty, Zurek '09] 

nB nB nDM nDM

some mechanism

• Similarly to baryons, DM symmetric part annihilate 
and asymmetry remains as DM relic abundance.

• DM asymmetry and baryon asymmetry are related 
by some mechanism.

baryon number anomaly: 

∂μJμ
B =

1
16π2

tr WμνW̃μν +
1

16π2
YμνỸμν

Our work:
soliton made of Higgs 
& EW gauge bosons

nDM nDM



Take-home Message
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For our scenario to work, we should extend SM 

Higgs Lagrangian by adding  terms.𝒪(p4)

We realize asymmetric DM scenario without any 
new field or new particle.

DM = soliton made of Higgs and EW gauge fields!!
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Electroweak Skyrmion
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QCD effective theory: Skyrme model

13

ℒSkyrme =
f 2
π

4
Tr [∂μU†∂μU] +

1
32e2

Tr [[U†∂μU, U†∂νU]
2]

U = exp [iπa(x) σa]U(x) ∈ SU(2)

pion field (π1, π2, π3)
U†U = 1

[Skyrme '62]
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QCD effective theory: Skyrme model

13

ℒSkyrme =
f 2
π

4
Tr [∂μU†∂μU] +

1
32e2

Tr [[U†∂μU, U†∂νU]
2]

U = exp [iπa(x) σa]U(x) ∈ SU(2)

• Global symmetry of Lagrangian:

SU(2)L × SU(2)R : U(x) → M†
LU(x)MR

MR ∈ SU(2)R

ML ∈ SU(2)L

• Vacuum  breaks this into its diagonal subgroup:⟨U⟩ = 12

pion field (π1, π2, π3)
U†U = 1

[Skyrme '62]

(  is spontaneously broken)SU(2)A

SU(2)L × SU(2)R → SU(2)V



How to describe baryons? → Skyrmion!
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U = exp [iθ(r) ̂xaσa] (r ≡ xixi, ̂xa ≡ xa /r)

{θ(0) = π
θ(∞) = 0

• Hedgehog ansatz:

[Skyrme '62]

non-trivial solution of static EOM :
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{θ(0) = π
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non-trivial solution of static EOM :
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3.0 object localized around r ∼ 0

fig from arXiv:1405.0987
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For a magnetization texture M(r, t) which varies
smoothly in space and time, one can treat the scalar and
vector potentials V e and Ae as a perturbation to the un-
perturbed Hamiltonian H0 = p2

/(2m)11 + J̃�z. In the
adiabatic approximation, V e and Ae act on each band
separately, allowing us to introduce electromagnetic po-
tentials for both bands:

Ae
� = h�|Ae|�i = (i~/qe)h �|r| �i, (12a)

Ve
� = h�|V e|�i = �(i~/qe)h �|@t| �i, (12b)

with � = ", # for minority and majority spins, respec-
tively, and | �i = U |�i. Above potentials have the same
form of the Berry vector potential introduced in Eq. (3).

Finally, introducing for each band an emergent electric
field, Ee

� = �rVe
� � @tAe

�, and an emergent magnetic
field, Be

� = r ⇥ Ae
�, that are “felt” by the electron, it

becomes clear that the real-space Berry curvature acts
like an emergent magnetic field, while the mixed space-
time Berry curvature acts like an emergent electric field.
By an explicit calculation one finds

(Be
�)i = ⌥ ~

2qe
✏ijk

2
M̂ ·

�
@jM̂ ⇥ @kM̂

�
, (13a)

(Ee
�)i = ⌥ ~

2qe
M̂ ·

�
@iM̂ ⇥ @tM̂

�
, (13b)

where the upper (lower) sign corresponds to the band for
electrons with minority (majority) spin. Let us now as-
sign di↵erent emergent charges to the two bands, because
the sign of the Berry phase depends on the orientation
of the spin.21 For a minority (majority) spin we define22

q
e
" = �1/2 (qe# = 1/2), leading to the emergent fields
given in Eq. (7).

In principle, any magnetic structure that varies
smoothly in position space leads to an emergent magnetic
field [Eq. (7a)] and thus to a geometrical Hall e↵ect. As it
turns out, there are ideal magnetic textures – skyrmions
– which are tailored to investigate these emergent fields.

III. SKYRMIONS

Like the concept of the Berry phase, a skyrmion is a
certain mathematical object which is realized in many ar-
eas of physics ranging from nuclear and particle physics
over high-energy physics to condensed matter physics.
It is named after the nuclear physicist Tony Skyrme
who in the early 1960’s studied a certain nonlinear field
theory for interacting pions, showing that quantized
and topologically stable field configurations – nowadays
called skyrmions – do occur as solutions of such field
theories.23 In the original work, Skyrme considered three-
dimensional versions of skyrmions, but later the notion
of a skyrmion was generalized to arbitrary dimensions:
One can define a skyrmion as a topologically stable,
smooth field configuration describing a non-trivial sur-
jective mapping from coordinate space to an order pa-
rameter space with a non-trivial topology. In the fol-
lowing, we restrict the discussion to the two-dimensional

FIG. 2. (Color online) (a) A (non-chiral) skyrmion con-
figuration (bottom) is obtained by “unfolding” a hedgehog
(top). Arrows correspond to the local magnetization direc-
tion M̂ = M/|M |. The color code is chosen according to the
out-of-plane component of the arrows: from red (“up”) over
green (in-plane) to blue (“down”). (b) Schematic plot of a
chiral skyrmion lattice with an additional in-plane winding of
the magnetization.

unit sphere, S2, describing the magnetization direction
M̂ . An intuive picture of a skyrmion and the mapping
to a sphere is shown in Fig. 2 (a), where “infinity” (the
boundary of the skyrmion) is mapped onto the north
pole. Note that a skyrmion is everywhere non-singular
and finite. In contrast to vortices, skyrmions are trivial
at infinity, i.e., all arrows at the boundary point in the
same direction out of plane.

At the end of the 1980’s skyrmion structures were
shown to be the mean-field ground states of certain
models for anisotropic, non-centrosymmetric magnetic
materials with chiral spin-orbit interactions subjected
to a magnetic field.24 Although some further theoreti-
cal works appeared on magnetic skyrmions and similar
textures,16,25 the real breakthrough was in 2009 when a
hexagonal lattice of skyrmion-tubes perpendicular to a
finite, external magnetic field [as sketched in Fig. 2 (b)]
was experimentally discovered in the cubic helimagnet
manganese silicide (MnSi).10 Since 2009 skyrmions have
been observed in many other B20 compounds4,26,27, in-
cluding metals, semiconductors, and also an insulating,
multiferroic material.28 The skyrmion lattice was also
confirmed to exist in thin films by a direct imaging of the
real-space magnetic texture by Lorentz transmission elec-
tron microscopy.29,30 Moreover, skyrmion textures have
been discussed in thin films in the form of magnetic bub-
ble domains.31 Furthermore, skyrmions have been found
on surfaces as a spontaneous magnetic ground state form-
ing a lattice on the atomic scale.32

In skyrmion lattices, di↵erent length scales appear:10,33

the size of the atomic unit cell corresponding to the wave-
length of the electrons, the diameter of the skyrmions, the
(non-spinflip) mean-free path, and the much larger spin-
flip scattering length. In the adiabatic limit, where the
size of the skyrmions is much larger than the non-spinflip
scattering length, band structure e↵ects are negligible,

2D picture:
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For a magnetization texture M(r, t) which varies
smoothly in space and time, one can treat the scalar and
vector potentials V e and Ae as a perturbation to the un-
perturbed Hamiltonian H0 = p2

/(2m)11 + J̃�z. In the
adiabatic approximation, V e and Ae act on each band
separately, allowing us to introduce electromagnetic po-
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with � = ", # for minority and majority spins, respec-
tively, and | �i = U |�i. Above potentials have the same
form of the Berry vector potential introduced in Eq. (3).

Finally, introducing for each band an emergent electric
field, Ee
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where the upper (lower) sign corresponds to the band for
electrons with minority (majority) spin. Let us now as-
sign di↵erent emergent charges to the two bands, because
the sign of the Berry phase depends on the orientation
of the spin.21 For a minority (majority) spin we define22

q
e
" = �1/2 (qe# = 1/2), leading to the emergent fields
given in Eq. (7).

In principle, any magnetic structure that varies
smoothly in position space leads to an emergent magnetic
field [Eq. (7a)] and thus to a geometrical Hall e↵ect. As it
turns out, there are ideal magnetic textures – skyrmions
– which are tailored to investigate these emergent fields.

III. SKYRMIONS

Like the concept of the Berry phase, a skyrmion is a
certain mathematical object which is realized in many ar-
eas of physics ranging from nuclear and particle physics
over high-energy physics to condensed matter physics.
It is named after the nuclear physicist Tony Skyrme
who in the early 1960’s studied a certain nonlinear field
theory for interacting pions, showing that quantized
and topologically stable field configurations – nowadays
called skyrmions – do occur as solutions of such field
theories.23 In the original work, Skyrme considered three-
dimensional versions of skyrmions, but later the notion
of a skyrmion was generalized to arbitrary dimensions:
One can define a skyrmion as a topologically stable,
smooth field configuration describing a non-trivial sur-
jective mapping from coordinate space to an order pa-
rameter space with a non-trivial topology. In the fol-
lowing, we restrict the discussion to the two-dimensional

FIG. 2. (Color online) (a) A (non-chiral) skyrmion con-
figuration (bottom) is obtained by “unfolding” a hedgehog
(top). Arrows correspond to the local magnetization direc-
tion M̂ = M/|M |. The color code is chosen according to the
out-of-plane component of the arrows: from red (“up”) over
green (in-plane) to blue (“down”). (b) Schematic plot of a
chiral skyrmion lattice with an additional in-plane winding of
the magnetization.

unit sphere, S2, describing the magnetization direction
M̂ . An intuive picture of a skyrmion and the mapping
to a sphere is shown in Fig. 2 (a), where “infinity” (the
boundary of the skyrmion) is mapped onto the north
pole. Note that a skyrmion is everywhere non-singular
and finite. In contrast to vortices, skyrmions are trivial
at infinity, i.e., all arrows at the boundary point in the
same direction out of plane.

At the end of the 1980’s skyrmion structures were
shown to be the mean-field ground states of certain
models for anisotropic, non-centrosymmetric magnetic
materials with chiral spin-orbit interactions subjected
to a magnetic field.24 Although some further theoreti-
cal works appeared on magnetic skyrmions and similar
textures,16,25 the real breakthrough was in 2009 when a
hexagonal lattice of skyrmion-tubes perpendicular to a
finite, external magnetic field [as sketched in Fig. 2 (b)]
was experimentally discovered in the cubic helimagnet
manganese silicide (MnSi).10 Since 2009 skyrmions have
been observed in many other B20 compounds4,26,27, in-
cluding metals, semiconductors, and also an insulating,
multiferroic material.28 The skyrmion lattice was also
confirmed to exist in thin films by a direct imaging of the
real-space magnetic texture by Lorentz transmission elec-
tron microscopy.29,30 Moreover, skyrmion textures have
been discussed in thin films in the form of magnetic bub-
ble domains.31 Furthermore, skyrmions have been found
on surfaces as a spontaneous magnetic ground state form-
ing a lattice on the atomic scale.32

In skyrmion lattices, di↵erent length scales appear:10,33

the size of the atomic unit cell corresponding to the wave-
length of the electrons, the diameter of the skyrmions, the
(non-spinflip) mean-free path, and the much larger spin-
flip scattering length. In the adiabatic limit, where the
size of the skyrmions is much larger than the non-spinflip
scattering length, band structure e↵ects are negligible,

2D picture:

• stable because of a non-zero topological charge:

N ≡
−1

24π2 ∫ d3x ϵijk Tr [ViVjVk] = 1 Vi ≡ (∂iU)U†
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electrons with minority (majority) spin. Let us now as-
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who in the early 1960’s studied a certain nonlinear field
theory for interacting pions, showing that quantized
and topologically stable field configurations – nowadays
called skyrmions – do occur as solutions of such field
theories.23 In the original work, Skyrme considered three-
dimensional versions of skyrmions, but later the notion
of a skyrmion was generalized to arbitrary dimensions:
One can define a skyrmion as a topologically stable,
smooth field configuration describing a non-trivial sur-
jective mapping from coordinate space to an order pa-
rameter space with a non-trivial topology. In the fol-
lowing, we restrict the discussion to the two-dimensional

FIG. 2. (Color online) (a) A (non-chiral) skyrmion con-
figuration (bottom) is obtained by “unfolding” a hedgehog
(top). Arrows correspond to the local magnetization direc-
tion M̂ = M/|M |. The color code is chosen according to the
out-of-plane component of the arrows: from red (“up”) over
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unit sphere, S2, describing the magnetization direction
M̂ . An intuive picture of a skyrmion and the mapping
to a sphere is shown in Fig. 2 (a), where “infinity” (the
boundary of the skyrmion) is mapped onto the north
pole. Note that a skyrmion is everywhere non-singular
and finite. In contrast to vortices, skyrmions are trivial
at infinity, i.e., all arrows at the boundary point in the
same direction out of plane.

At the end of the 1980’s skyrmion structures were
shown to be the mean-field ground states of certain
models for anisotropic, non-centrosymmetric magnetic
materials with chiral spin-orbit interactions subjected
to a magnetic field.24 Although some further theoreti-
cal works appeared on magnetic skyrmions and similar
textures,16,25 the real breakthrough was in 2009 when a
hexagonal lattice of skyrmion-tubes perpendicular to a
finite, external magnetic field [as sketched in Fig. 2 (b)]
was experimentally discovered in the cubic helimagnet
manganese silicide (MnSi).10 Since 2009 skyrmions have
been observed in many other B20 compounds4,26,27, in-
cluding metals, semiconductors, and also an insulating,
multiferroic material.28 The skyrmion lattice was also
confirmed to exist in thin films by a direct imaging of the
real-space magnetic texture by Lorentz transmission elec-
tron microscopy.29,30 Moreover, skyrmion textures have
been discussed in thin films in the form of magnetic bub-
ble domains.31 Furthermore, skyrmions have been found
on surfaces as a spontaneous magnetic ground state form-
ing a lattice on the atomic scale.32

In skyrmion lattices, di↵erent length scales appear:10,33

the size of the atomic unit cell corresponding to the wave-
length of the electrons, the diameter of the skyrmions, the
(non-spinflip) mean-free path, and the much larger spin-
flip scattering length. In the adiabatic limit, where the
size of the skyrmions is much larger than the non-spinflip
scattering length, band structure e↵ects are negligible,

2D picture:

• stable because of a non-zero topological charge:

N ≡
−1

24π2 ∫ d3x ϵijk Tr [ViVjVk] = 1 Vi ≡ (∂iU)U†

 must be integer and is topologically conserved.N
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• The Skyrme term is essential for the stability of Skyrmion.

Skyrme term ( )𝒪(p4)

[Skyrme '62]



Skyrme term

15

ℒ =
f 2
π

4
Tr [∂μU†∂μU] +

1
32e2

Tr [[U†∂μU, U†∂νU]
2]

• The Skyrme term is essential for the stability of Skyrmion.

Skyrme term ( )𝒪(p4)

E = − ∫ d3x ℒ ≃
f 2
π

4
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1
32e2

R−1

• Let  be a typical size of Skyrmion.R

[Skyrme '62]

(Skyrme)(kinetic)
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f 2
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4
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1
32e2
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• Let  be a typical size of Skyrmion.R

[Skyrme '62]

 when ∴ R → 0 e → ∞

cf. Derrick's theorem
(Skyrme)(kinetic)

R ∼ (efπ)−1



Symmetry in Higgs sector
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• SM Higgs sector has a similar symmetry breaking structure:

ℒhiggs
g=g′ =0

= |∂μΦ |2 − λ ( |Φ |2 −
vEW

2 )
2

=
1
2

Tr |∂μH |2 −
λ
4 (Tr |H |2 − vEW)

2

H ≡ (iσ2Φ†, Φ)
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   (custodial symmetry)SU(2)L × SU(2)R → SU(2)V

H ≡ (iσ2Φ†, Φ)
• Invariant under  sym: SU(2)L × SU(2)R H → L†HR

 Higgs VEV breaks:
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g=g′ =0

= |∂μΦ |2 − λ ( |Φ |2 −
vEW

2 )
2

=
1
2

Tr |∂μH |2 −
λ
4 (Tr |H |2 − vEW)

2

Can we consider a similar soliton? → Yes!!

   (custodial symmetry)SU(2)L × SU(2)R → SU(2)V

H ≡ (iσ2Φ†, Φ)
• Invariant under  sym: SU(2)L × SU(2)R H → L†HR

 Higgs VEV breaks:

the same symmetry breaking pattern as Skyrme model
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Higgs Lagrangian
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ℒ =
vEW

4 (1 +
h(x)
vEW )

2

Tr |DμU(x) |2 +
1
2

(∂μh(x))2 − V(h)

+α4Tr [DμU†DνU] Tr [DμU†DνU]+α5 (Tr [DμU†DμU])
2

SM +  term (Skyrme-like term)𝒪(p4)

• The 2x2 matrix is decomposed as  . H(x) =
vEW

2 (1 +
h(x)
vEW ) U(x)

radial field (higgs boson)
angular field (NG boson)
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• Hedgehog ansatz:

U = exp [iθ(r) ̂xaσa] h(x) = ϕ(r)/vEW

[(vEW)−1]

Wa
i (x) =

χ(r)−1
r

ϵiab ̂xb − ξ(r) ̂xi ̂xa
auxiliary field 
(explicitly solvable)

0 5 10 15 20

0

1

2

3

• non-trivial solution of EOM:

-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10

-0.10

-0.05

0.00

0.05

0.10

4000

6000

8000

10000

α4 = − α5 = 0.1, g = 0.65, mH = 125 GeV

MSk. [GeV]

For simplicity, we take gY = 0



EW-Skyrmion Solution

18

• Hedgehog ansatz:

U = exp [iθ(r) ̂xaσa] h(x) = ϕ(r)/vEW

[(vEW)−1]

Wa
i (x) =

χ(r)−1
r

ϵiab ̂xb − ξ(r) ̂xi ̂xa
auxiliary field 
(explicitly solvable)

0 5 10 15 20

0

1

2

3

→EW-Skyrmion does exist!!
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•  and  lead to anomalous quartic gauge coupling (aQGC)α4 α5

W+

W+

W−

W−

• They are measured by WW scattering process at LHC.

→We can put a bound on the parameters α4, α5

ℒp4 = α4Tr [DμU†DνU] Tr [DμU†DνU]+α5 (Tr [DμU†DμU])
2
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• Higgs winding # (Skyrmion #) is not gauge invariant.

→ Large gauge trsf changes  by an integer.NH

 : Chern-Simons #NCS
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EW-Skyrmion

large gauge 
trsf.
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NH =
−1

24π2 ∫ d3x ϵijk Tr [ViVjVk]

• Higgs winding # (Skyrmion #) is not gauge invariant.

→ Large gauge trsf changes  by an integer.NH

 : Chern-Simons #NCS

NH = 1

NCS = ϵ

EW-Skyrmion

large gauge 
trsf.

EW-Skyrmion Vacuum

Q = 1 + ϵ

NH = 0

NCS = 1 + ϵ

Q = 1 + ϵ

NH = 0

NCS = 0

Q = 0
can decay!

But this is not topological quantity!! → no conserved charge

Q ≡ NH + NCS

Vi ≡ (∂iU)U†

• Only the sum of  and  is gauge invariant.NH NCS

This decay process generates Baryon # 
due to the chiral anomaly:

ΔB = 3ΔNCS

One can predict the relation btw amounts 
of baryons and Skyrmions in the universe!
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Quantum vs Thermal Decay 
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• There are two types of decay of EW Skyrmion (DM):

Γ ∝ exp (−
8π2

g2 )
• Quantum tunneling at T = 0

• Thermal sphaleron-like process at T ≠ 0

→ sufficiently long-lived

assumed to be decoupled   when Γ(T ) ≲ HHubble T ≲ T*

 is naively expected to be  GeVT* 101−2

(cf. EW sphaleron process)



Thermal History

26

T−1(t) T = T*

YB
equilibrium

T > T*T < T*

YDM

(inverse) decay process: 
DM  ↔ (qqql)3
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Thermal History
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T−1(t) T = T*

YB
equilibrium

T > T*T < T*

Symmetric part annihilates

YDM

YB

frozen ← YDM

nDM nDM

(inverse) decay process: 
DM  ↔ (qqql)3

Y∙ ≡
n∙

s
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T−1(t) T = T*

YB

YDM

equilibrium
YB

YDMfrozen ←

T > T*T < T*

Assuming thermal equilibrium at ,  we obtainT = T*

ΩDM

ΩB
≃ K ( m*DM

T* )
3/2

exp (−
m*DM

T* )

K ≡
6

2π3/2 [ 25
34

+
6
17

nL

nB ] mDM

mp
∼ 103 for nL /nB = 𝒪(1)

 depends on baryo/lepto-genesis scenariosK

 : DM mass at m*DM T = T*

Y∙ ≡
n∙

s
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Typically,  can explain  !m*DM /T* ≃ 10 ΩDM /ΩB ≃ 5

ΩDM

ΩB
≃ K ( m*DM

T* )
3/2

exp (−
m*DM

T* )

very natural because  , mDM = 𝒪(1)TeV T* = 101−2 GeV
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Y∙ ≡
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Implication for baryo/lepto-genesis

29

ΩDM

ΩB
= X

111YDM−B/3 + 12YB−L

−102YDM−B/3 + 36XYB−L

mDM

mp

X =
12

(2π)3/2 ( m*DM

T* )
3/2

exp (−
m*DM

T* ) ∼ 10−3

• rewrite by two conserved quantities:  and  , YDM−B/3 YB−L

Y∙ ≡
n∙

s

• For pure leptogenesis, YDM−B/3 = 0

⇒
ΩDM

ΩB
=

1
3

mDM

mp
∴ mDM ≃ 15 GeV

this is very unlikely

Our scenario seems inconsistent with leptogenesis.

requires generation of either DM or B asymmetry 
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• Assume effective coupling btw EW-Skyrmion and Higgs: 

ℒeff. = − κ |S |2 |H |2

• Bound for spin-independent cross section with nucleon:

mDM ≳ 0.9 TeV

benchmark value: κ = 0.1

7

10 210 310 410
]2WIMP Mass [GeV/c

47−10

46−10

45−10

44−10

43−10]2
 S

I W
IM

P-
nu

cl
eo

n 
cr

os
s-

se
ct

io
n 

[c
m

PandaX-4T 2021 (this work)
PandaX-II 2020
XENON1T 2018
LUX 2017
PandaX-4T 2021 Median Sensitivity
XENON1T 2018 Median Sensitivity

FIG. 4. The 90% C.L. upper limit from this work (unblind
analysis) vs. m� for the SI WIMP-nucleon elastic cross sec-
tion, overlaid with that from the full datasets of LUX 2017 [6],
XENON1T 2018 [8] and PandaX-II 2020 [9], obtained using
blinded or salted analyses. The green band represents the
±1� sensitivity band. The black and red dashed curves repre-
sent the median sensitivities of XENON1T and PandaX-4T,
respectively. Results from XENON1T, LUX or PandaX-II
partial datasets are not included in the figure.

and our higher background level due to tritium contami-
nation. More information can be found in the supplemen-
tal material. Our new limit represents the most stringent
constraint to DM-nucleon SI interactions, with the low-
est excluded cross section value of 3.8⇥10�47 cm2 at m�

of 40GeV/c2.

In summary, we report the dark matter search results
using the commissioning data from PandaX-4T, with a
live exposure of 0.63 tonne·year. No dark matter can-
didates are identified above expected background. The
strongest upper limit to date is set on the dark matter-
nucleon spin-independent interactions, with the lowest
excluded value of 3.8⇥10�47 cm2 at 40GeV/c2. PandaX-
4T is undertaking a tritium removal campaign, after
which normal physics data taking will start. The dark
matter search sensitivity is expected to improve by an-
other order of magnitude with a 6-tonne·year exposure.
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didates are identified above expected background. The
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Summary

• EW-Skyrmion = soliton made of Higgs and EW gauge fields 

naturally arises by  extension of Higgs Lagrangian 
plays a role of an asymmetric DM 

•  is realized for  and . 

• DM direct detection experiments and measurements of aQGC 
put stringent window:

𝒪(p4)

ΩDM /ΩB ≃ 5 mDM = 𝒪(1) TeV T* = 𝒪(102) GeV
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𝒪(1) TeV ≲ mDM ≲ 2.2 TeV
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EW-Skyrmion Solution
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• Hedgehog ansatz:

U = exp [iθ(r) ̂xaσa] h(x) = ϕ(r)/vEW

[(vEW)−1]

Wa
i (x) =

χ(r) − 1
r

ϵiab ̂xb − ξ(r) ̂xi ̂xa
auxiliary field 
(explicitly solvable)
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• compactify 3D space: ℝ3 ∪ {∞} ≃ S3
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U(x) : S3 (space) → S3 (vac)

• This map can have non-trivial winding number:

3

For a magnetization texture M(r, t) which varies
smoothly in space and time, one can treat the scalar and
vector potentials V e and Ae as a perturbation to the un-
perturbed Hamiltonian H0 = p2

/(2m)11 + J̃�z. In the
adiabatic approximation, V e and Ae act on each band
separately, allowing us to introduce electromagnetic po-
tentials for both bands:

Ae
� = h�|Ae|�i = (i~/qe)h �|r| �i, (12a)

Ve
� = h�|V e|�i = �(i~/qe)h �|@t| �i, (12b)

with � = ", # for minority and majority spins, respec-
tively, and | �i = U |�i. Above potentials have the same
form of the Berry vector potential introduced in Eq. (3).

Finally, introducing for each band an emergent electric
field, Ee

� = �rVe
� � @tAe

�, and an emergent magnetic
field, Be

� = r ⇥ Ae
�, that are “felt” by the electron, it

becomes clear that the real-space Berry curvature acts
like an emergent magnetic field, while the mixed space-
time Berry curvature acts like an emergent electric field.
By an explicit calculation one finds

(Be
�)i = ⌥ ~

2qe
✏ijk

2
M̂ ·

�
@jM̂ ⇥ @kM̂

�
, (13a)

(Ee
�)i = ⌥ ~

2qe
M̂ ·

�
@iM̂ ⇥ @tM̂

�
, (13b)

where the upper (lower) sign corresponds to the band for
electrons with minority (majority) spin. Let us now as-
sign di↵erent emergent charges to the two bands, because
the sign of the Berry phase depends on the orientation
of the spin.21 For a minority (majority) spin we define22

q
e
" = �1/2 (qe# = 1/2), leading to the emergent fields
given in Eq. (7).

In principle, any magnetic structure that varies
smoothly in position space leads to an emergent magnetic
field [Eq. (7a)] and thus to a geometrical Hall e↵ect. As it
turns out, there are ideal magnetic textures – skyrmions
– which are tailored to investigate these emergent fields.

III. SKYRMIONS

Like the concept of the Berry phase, a skyrmion is a
certain mathematical object which is realized in many ar-
eas of physics ranging from nuclear and particle physics
over high-energy physics to condensed matter physics.
It is named after the nuclear physicist Tony Skyrme
who in the early 1960’s studied a certain nonlinear field
theory for interacting pions, showing that quantized
and topologically stable field configurations – nowadays
called skyrmions – do occur as solutions of such field
theories.23 In the original work, Skyrme considered three-
dimensional versions of skyrmions, but later the notion
of a skyrmion was generalized to arbitrary dimensions:
One can define a skyrmion as a topologically stable,
smooth field configuration describing a non-trivial sur-
jective mapping from coordinate space to an order pa-
rameter space with a non-trivial topology. In the fol-
lowing, we restrict the discussion to the two-dimensional

FIG. 2. (Color online) (a) A (non-chiral) skyrmion con-
figuration (bottom) is obtained by “unfolding” a hedgehog
(top). Arrows correspond to the local magnetization direc-
tion M̂ = M/|M |. The color code is chosen according to the
out-of-plane component of the arrows: from red (“up”) over
green (in-plane) to blue (“down”). (b) Schematic plot of a
chiral skyrmion lattice with an additional in-plane winding of
the magnetization.

unit sphere, S2, describing the magnetization direction
M̂ . An intuive picture of a skyrmion and the mapping
to a sphere is shown in Fig. 2 (a), where “infinity” (the
boundary of the skyrmion) is mapped onto the north
pole. Note that a skyrmion is everywhere non-singular
and finite. In contrast to vortices, skyrmions are trivial
at infinity, i.e., all arrows at the boundary point in the
same direction out of plane.

At the end of the 1980’s skyrmion structures were
shown to be the mean-field ground states of certain
models for anisotropic, non-centrosymmetric magnetic
materials with chiral spin-orbit interactions subjected
to a magnetic field.24 Although some further theoreti-
cal works appeared on magnetic skyrmions and similar
textures,16,25 the real breakthrough was in 2009 when a
hexagonal lattice of skyrmion-tubes perpendicular to a
finite, external magnetic field [as sketched in Fig. 2 (b)]
was experimentally discovered in the cubic helimagnet
manganese silicide (MnSi).10 Since 2009 skyrmions have
been observed in many other B20 compounds4,26,27, in-
cluding metals, semiconductors, and also an insulating,
multiferroic material.28 The skyrmion lattice was also
confirmed to exist in thin films by a direct imaging of the
real-space magnetic texture by Lorentz transmission elec-
tron microscopy.29,30 Moreover, skyrmion textures have
been discussed in thin films in the form of magnetic bub-
ble domains.31 Furthermore, skyrmions have been found
on surfaces as a spontaneous magnetic ground state form-
ing a lattice on the atomic scale.32

In skyrmion lattices, di↵erent length scales appear:10,33

the size of the atomic unit cell corresponding to the wave-
length of the electrons, the diameter of the skyrmions, the
(non-spinflip) mean-free path, and the much larger spin-
flip scattering length. In the adiabatic limit, where the
size of the skyrmions is much larger than the non-spinflip
scattering length, band structure e↵ects are negligible,

fig from arXiv:1405.0987
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unit sphere, S2, describing the magnetization direction
M̂ . An intuive picture of a skyrmion and the mapping
to a sphere is shown in Fig. 2 (a), where “infinity” (the
boundary of the skyrmion) is mapped onto the north
pole. Note that a skyrmion is everywhere non-singular
and finite. In contrast to vortices, skyrmions are trivial
at infinity, i.e., all arrows at the boundary point in the
same direction out of plane.

At the end of the 1980’s skyrmion structures were
shown to be the mean-field ground states of certain
models for anisotropic, non-centrosymmetric magnetic
materials with chiral spin-orbit interactions subjected
to a magnetic field.24 Although some further theoreti-
cal works appeared on magnetic skyrmions and similar
textures,16,25 the real breakthrough was in 2009 when a
hexagonal lattice of skyrmion-tubes perpendicular to a
finite, external magnetic field [as sketched in Fig. 2 (b)]
was experimentally discovered in the cubic helimagnet
manganese silicide (MnSi).10 Since 2009 skyrmions have
been observed in many other B20 compounds4,26,27, in-
cluding metals, semiconductors, and also an insulating,
multiferroic material.28 The skyrmion lattice was also
confirmed to exist in thin films by a direct imaging of the
real-space magnetic texture by Lorentz transmission elec-
tron microscopy.29,30 Moreover, skyrmion textures have
been discussed in thin films in the form of magnetic bub-
ble domains.31 Furthermore, skyrmions have been found
on surfaces as a spontaneous magnetic ground state form-
ing a lattice on the atomic scale.32

In skyrmion lattices, di↵erent length scales appear:10,33

the size of the atomic unit cell corresponding to the wave-
length of the electrons, the diameter of the skyrmions, the
(non-spinflip) mean-free path, and the much larger spin-
flip scattering length. In the adiabatic limit, where the
size of the skyrmions is much larger than the non-spinflip
scattering length, band structure e↵ects are negligible,

eg.) 2D → S2

N =
−1

24π2 ∫ d3x ϵijk Tr [ViVjVk] Vi ≡ (∂iU)U†

[Skyrme '62]
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unit sphere, S2, describing the magnetization direction
M̂ . An intuive picture of a skyrmion and the mapping
to a sphere is shown in Fig. 2 (a), where “infinity” (the
boundary of the skyrmion) is mapped onto the north
pole. Note that a skyrmion is everywhere non-singular
and finite. In contrast to vortices, skyrmions are trivial
at infinity, i.e., all arrows at the boundary point in the
same direction out of plane.

At the end of the 1980’s skyrmion structures were
shown to be the mean-field ground states of certain
models for anisotropic, non-centrosymmetric magnetic
materials with chiral spin-orbit interactions subjected
to a magnetic field.24 Although some further theoreti-
cal works appeared on magnetic skyrmions and similar
textures,16,25 the real breakthrough was in 2009 when a
hexagonal lattice of skyrmion-tubes perpendicular to a
finite, external magnetic field [as sketched in Fig. 2 (b)]
was experimentally discovered in the cubic helimagnet
manganese silicide (MnSi).10 Since 2009 skyrmions have
been observed in many other B20 compounds4,26,27, in-
cluding metals, semiconductors, and also an insulating,
multiferroic material.28 The skyrmion lattice was also
confirmed to exist in thin films by a direct imaging of the
real-space magnetic texture by Lorentz transmission elec-
tron microscopy.29,30 Moreover, skyrmion textures have
been discussed in thin films in the form of magnetic bub-
ble domains.31 Furthermore, skyrmions have been found
on surfaces as a spontaneous magnetic ground state form-
ing a lattice on the atomic scale.32

In skyrmion lattices, di↵erent length scales appear:10,33

the size of the atomic unit cell corresponding to the wave-
length of the electrons, the diameter of the skyrmions, the
(non-spinflip) mean-free path, and the much larger spin-
flip scattering length. In the adiabatic limit, where the
size of the skyrmions is much larger than the non-spinflip
scattering length, band structure e↵ects are negligible,
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and finite. In contrast to vortices, skyrmions are trivial
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At the end of the 1980’s skyrmion structures were
shown to be the mean-field ground states of certain
models for anisotropic, non-centrosymmetric magnetic
materials with chiral spin-orbit interactions subjected
to a magnetic field.24 Although some further theoreti-
cal works appeared on magnetic skyrmions and similar
textures,16,25 the real breakthrough was in 2009 when a
hexagonal lattice of skyrmion-tubes perpendicular to a
finite, external magnetic field [as sketched in Fig. 2 (b)]
was experimentally discovered in the cubic helimagnet
manganese silicide (MnSi).10 Since 2009 skyrmions have
been observed in many other B20 compounds4,26,27, in-
cluding metals, semiconductors, and also an insulating,
multiferroic material.28 The skyrmion lattice was also
confirmed to exist in thin films by a direct imaging of the
real-space magnetic texture by Lorentz transmission elec-
tron microscopy.29,30 Moreover, skyrmion textures have
been discussed in thin films in the form of magnetic bub-
ble domains.31 Furthermore, skyrmions have been found
on surfaces as a spontaneous magnetic ground state form-
ing a lattice on the atomic scale.32

In skyrmion lattices, di↵erent length scales appear:10,33

the size of the atomic unit cell corresponding to the wave-
length of the electrons, the diameter of the skyrmions, the
(non-spinflip) mean-free path, and the much larger spin-
flip scattering length. In the adiabatic limit, where the
size of the skyrmions is much larger than the non-spinflip
scattering length, band structure e↵ects are negligible,

eg.) 2D → S2

N =
−1

24π2 ∫ d3x ϵijk Tr [ViVjVk] Vi ≡ (∂iU)U†

[Skyrme '62]

• Vacuum manifold (order parameter space): 

ℳvac =
SU(2)L × SU(2)R

SU(2)V
≃ S3
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• Can ADM scenario be realized by New aspects of known fields?

Like what?
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dark QCD

dark baryon (DM)

dark mesonportal interaction

But such a model is rather complicated...   
(UV completion, dark radiation..)

Asymmetric Dark Matter

Soliton! = non-perturbative object in field theory
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• Hedgehog ansatz:

U = exp [iθ(r) ̂xaσa] h(x) = ϕ(r)/vEW

• Then, we set  (keeping )g ≃ 0.65 g′ = 0

[(vEW)−1]

Wa
i (x) =

χ(r) − 1
r

ϵiab ̂xb − ξ(r) ̂xi ̂xa
auxiliary field 
(explicitly solvable)
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EW-Skyrmion Solution
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• Hedgehog ansatz:

U = exp [iθ(r) ̂xaσa] h(x) = ϕ(r)/vEW

• Then, we set  (keeping )g ≃ 0.65 g′ = 0

[(vEW)−1]

Wa
i (x) =

χ(r) − 1
r

ϵiab ̂xb − ξ(r) ̂xi ̂xa
auxiliary field 
(explicitly solvable)
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→EW-Skyrmion does exist!!
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Thermal History
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GeV−2 = 0.04 × 10−26 cm2

c × GeV−2 = 0.12 × 10−16 cm3/s

[Graesser+, 1103.2771]r =
n̄DM

nDM
≃ exp (−2σann/σWIMP)

Solving Boltzman eq.,  late-time ratio is given by

cf.  ⟨σv⟩WIMP ∼ 10−26 cm3/s



Thermal History

37

GeV−2 = 0.04 × 10−26 cm2

c × GeV−2 = 0.12 × 10−16 cm3/s

[Graesser+, 1103.2771]r =
n̄DM

nDM
≃ exp (−2σann/σWIMP)

Solving Boltzman eq.,  late-time ratio is given by

cf.  ⟨σv⟩WIMP ∼ 10−26 cm3/s

σann ∼ πR2 ∼ πα(vEW)−2 ∼ ( α
10−3 ) × 10−23 cm3/s



Direct detection experiment
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• Assume effective coupling btw EW-Skyrmion and Higgs: 

ℒeff. = − κ |S |2 |H |2

σSI ≃ ( κ
0.1 )

2

( 1 TeV
mDM )

2

( f
0.3 )

2

× 3.6 × 10−46 cm2

• Spin-independent cross section with nucleon:
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FIG. 4. The 90% C.L. upper limit from this work (unblind
analysis) vs. m� for the SI WIMP-nucleon elastic cross sec-
tion, overlaid with that from the full datasets of LUX 2017 [6],
XENON1T 2018 [8] and PandaX-II 2020 [9], obtained using
blinded or salted analyses. The green band represents the
±1� sensitivity band. The black and red dashed curves repre-
sent the median sensitivities of XENON1T and PandaX-4T,
respectively. Results from XENON1T, LUX or PandaX-II
partial datasets are not included in the figure.

and our higher background level due to tritium contami-
nation. More information can be found in the supplemen-
tal material. Our new limit represents the most stringent
constraint to DM-nucleon SI interactions, with the low-
est excluded cross section value of 3.8⇥10�47 cm2 at m�

of 40GeV/c2.

In summary, we report the dark matter search results
using the commissioning data from PandaX-4T, with a
live exposure of 0.63 tonne·year. No dark matter can-
didates are identified above expected background. The
strongest upper limit to date is set on the dark matter-
nucleon spin-independent interactions, with the lowest
excluded value of 3.8⇥10�47 cm2 at 40GeV/c2. PandaX-
4T is undertaking a tritium removal campaign, after
which normal physics data taking will start. The dark
matter search sensitivity is expected to improve by an-
other order of magnitude with a 6-tonne·year exposure.

This project is supported in part by a grant from
the Ministry of Science and Technology of China (No.
2016YFA0400301), grants from National Science Foun-
dation of China (Nos. 12090060, 12005131, 11905128,
11925502, 11775141), and by O�ce of Science and
Technology, Shanghai Municipal Government (grant No.
18JC1410200). We thank supports from Double First
Class Plan of the Shanghai Jiao Tong University. We also
thank the sponsorship from the Chinese Academy of Sci-
ences Center for Excellence in Particle Physics (CCEPP),
Hongwen Foundation in Hong Kong, and Tencent Foun-
dation in China. Finally, we thank the CJPL adminis-

tration and the Yalong River Hydropower Development
Company Ltd. for indispensable logistical support and
other help.

⇤ Corresponding author: qinglin@ustc.edu.cn
† Spokesperson: jianglai.liu@sjtu.edu.cn
‡ Corresponding author: nzhou@sjtu.edu.cn
§ Corresponding author: zhou xp@buaa.edu.cn

[1] G. Bertone, D. Hooper, and J. Silk, Physics Reports
405, 279 (2005).

[2] J. Liu, X. Chen, and X. Ji, Nature Phys. 13, 212 (2017).
[3] J. Conrad and O. Reimer, Nature Physics 13, 224 (2017).
[4] O. Buchmueller, C. Doglioni, and L.-T. Wang, Nature

Physics 13, 217 (2017).
[5] J. Billard et al., (2021), arXiv:2104.07634 [hep-ex].
[6] D. Akerib et al. (LUX), Phys. Rev. Lett. 118, 021303

(2017).
[7] X. Cui et al. (PandaX), Phys. Rev. Lett. 119, 181302

(2017).
[8] E. Aprile et al. (XENON), Phys. Rev. Lett. 121, 111302

(2018).
[9] Q. Wang et al. (PandaX), Chin. Phys. C 44, 125001

(2020).
[10] H. Zhang et al. (PandaX), Sci. China Phys. Mech. As-

tron. 62, 31011 (2019).
[11] B. J. Mount et al., (2017), arXiv:1703.09144 [physics.ins-

det].
[12] E. Aprile et al. (XENON), JCAP 11, 031 (2020).
[13] K. J. Kang et al., J. Phys. Conf. Ser. 203, 012028 (2010).
[14] J. Li, X. Ji, W. Haxton, and J. S. Y. Wang, Phys. Pro-

cedia 61, 576 (2015).
[15] T. Zhang et al., JINST 11, T09004 (2016).
[16] X. Cao et al., Science China Physics, Mechanics & As-

tronomy 57, 1476 (2014).
[17] L. Zhao et al., JINST 16, T06007 (2021).
[18] SAES Pure Gas. https://www.entegris.com/shop/en/

USD/Products/Gas-Filtration-and-Purification/
Gas-Purifiers/c/gaspurifiers, 2021 (accessed
November 30, 2021).

[19] See https://www.caen.it/products/v1725/.
[20] Q. Zheng et al., JINST 15, T12006 (2020).
[21] J. Yang et al., (2021), arXiv:2108.03433 [physics.ins-det].
[22] X. Chen et al., in preparation.
[23] X. Cui et al., JINST 16, P07046 (2021).
[24] D. Zhang et al., (2021), arXiv:2106.08380 [physics.ins-

det].
[25] D. Zhang et al., (2021), arXiv:2102.02490 [nucl-ex].
[26] M. Szydagis et al., JINST 6, P10002 (2011).
[27] B. Yan et al. (PandaX), Chin. Phys. C 45, 075001 (2021).
[28] E. Aprile et al. (XENON), Phys. Rev. D 99, 112009

(2019).
[29] M. Szydagis et al., “Noble Element Simulation Technique

v2.0, https://doi.org/10.5281/zenodo.1314669,” (2018).
[30] M. Szydagis et al., Instruments 5, 13 (2021).
[31] D. Foreman-Mackey, D. W. Hogg, D. Lang, and J. Good-

man, PASP 125, 306 (2013).
[32] W. Ma et al., JINST 15, P12038 (2020).
[33] P. Collon, W. Kutschera, and Z.-T. Lu, Ann. Rev. Nucl.

Part. Sci. 54, 39 (2004).
[34] J. Billard, L. Strigari, and E. Figueroa-Feliciano, Phys.

mDM ≳ 2.6 TeV

mDM ≳ 0.6 TeV

for κ = 0.5

for κ = 0.05



Boson vs fermion
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• Statistics of Skyrmion depends on the underlying UV theory.

• Wess-Zumino-Witten term

ΓWZW = −
iNc

240π2 ∫ℳ5

d5x ϵμνρστ Tr [U†∂μU∂νU†∂ρU∂σU†∂τU]

When UV theory is (strongly coupled)  
gauge theory with , it is given by

SU(NC)
Nc ≥ 3

•  even → boson,    odd → fermionNc

• Electric charge also depends on   (cf.Witten effect in QED)ΓWZW

• In our work, we simply put  ,  leading to electrically 
neutral and bosonic Skyrmion.

ΓWZW = 0



aQGC by ATLAS
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ℒ4 = α4Tr [DμU†DνU] Tr [DμU†DνU] ℒ5 = α5Tr [DμU†DμU] Tr [DνU†DνU]

• using custodial symmetric operators in non-linear rep.

0.024 ≤ α4 ≤ 0.030

[ATLAS, 1609.05122]

0.028 ≤ α5 ≤ 0.033

final states: W(->leptons) V(->hadrons) + forward dijet



aQGC by CMS 

41

ℒS,0 =
f0
Λ4 [(DμΦ)†DνΦ] [(DμΦ)†DνΦ] ℒS,1 =

f1
Λ4 [(DμΦ)†DμΦ] [(DνΦ)†DνΦ]

[Eboli+, hep-ph/0606118]

• using custodial non-symmetric operators in linear rep.

They do not correspond to non-linear ones...
ℒS,0 + ℒS,1 = ℒ4 + ℒ5 + ⋯

But anyway, one can translate their constraints into non-linear ones..
f0
Λ4

≤ 2.7 TeV−4 f1
Λ4

≤ 3.3 TeV−4

|α4 | ≤ 0.0012 |α5 | ≤ 0.0016

[CMS,1905.07445]

final states:  
W/Z(->leptons) V(->hadrons)  
+ forward dijet



Example of Asymmetric DM
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𝒪portal =
1

Λ3
D̄ŪŪLH

Nc = 3, Nf = 2

[Ibe, Kamada, Kobayashi, Nakano 1805.06876]

 charge → dark baryonB − L

Symmetric part of dark baryon decays into dark radiations

dark radiations must decay into SM radiation (photon) via

ℒmix =
ϵ
2

FμνF
μν
D

ℒAD
⊃

m2
D

2
ADμAμ

D



Thermal History
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T−1(t) T = T*

YB

YDM

equilibrium
YB

YDMfrozen ←

T > T*T < T*

Assuming thermal equilibrium at ,  we obtainT = T*

ΩDM

ΩB
= X

111YDM−B/3 + 12YB−L

−102YDM−B/3 + 36XYB−L

mDM

mp

X ≡ 6 × f(m*DM /T*) =
12

(2π)3/2 ( m*DM

T* )
3/2

exp (−
m*DM

T* )

YDM ≡
nSk. − n̄Sk.

s



EW Skyrmion Solution
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• Hedgehog ansatz:
U = exp [iθ(r) ̂xaσa] h(x) = ϕ(r)/vEW
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• Then, we set  (keeping ) 

→ The only difference from Skyrme model is the existence of  . 

g ≃ 0.65 g′ = 0

h(x)

[(vEW)−1]

Wa
i (x) =

Re χ(r) − 1
r

ϵiab ̂xb −
Im χ(r)
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Thermal History
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T−1(t) T = T*

YB
equilibrium

T > T*T < T*

YDM

YDM ≡
nSk. − n̄Sk.

s



Thermal History

45

T−1(t) T = T*

YB
equilibrium

T > T*T < T*

YDM

YB

frozen ← YDM

YDM ≡
nSk. − n̄Sk.

s



Thermal History
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T−1(t) T = T*

YB
equilibrium

T > T*T < T*

Symmetric part annihilates because of 
a quite large cross section:

YDM

YB

frozen ← YDM

YDM ≡
nSk. − n̄Sk.

s

nDM n̄DM

σann ∼ πR2 ∼ πα(vEW)−2 ∼ ( α
10−3 ) × 10−23 cm3/s

cf.  ⟨σv⟩WIMP ∼ 10−26 cm3/s



Other terms?
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Tr [WμνU†DμUU†DνU]

Within  terms, these two are the most general.𝒪(p4)

There can be other terms with field strength:
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Tr [WμνU†DμUU†DνU]

α4Tr [DμU†DνU] Tr [DμU†DνU]

Within  terms, these two are the most general.𝒪(p4)

There can be other terms with field strength:



Other terms?
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Tr [WμνU†DμUU†DνU]

α4Tr [DμU†DνU] Tr [DμU†DνU] α5 (Tr [DμU†DμU])
2

Within  terms, these two are the most general.𝒪(p4)

There can be other terms with field strength:


