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Dark matter
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Galaxy rotation curve (from Wikipedia)

Gravitational lens (from Wikipedia)

• There are many evidences for dark matter



WIMP (Weakly Interacting Massive Particle)
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• "weakly" interacting with SM sector 

• explain DM relic with thermal freeze-out mechanism 

• correlated processes → nice testability

SM

SMDM

DM

production: collider

scattering: 
direct detection

annihilation: thermal relic



DM relic vs Direct detection
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Abundance

ΩDMh2 ∝ 1/ < σ v >

[Arcadi et.al. 1703.07364] mDM/T [LZ 21]

naively incompatible → needs some trick!

• must keep DM annihilation rate (DM relic) 

• severe constraint on DM-nucleon  (direct detection)σSI



[cf. soft pion theorem]

pseudo-Nambu-Goldston DM
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[Gross-Lebedev-Toma '17]

V(ϕ, H) = VSM(H) − μ2
ϕ |ϕ |2 + λϕ |ϕ |4 + λϕH |ϕ |2 |H |2 + (μ2

break ϕ2 + h . c . )

• global :  , softly broken by U(1) ϕ → eiθϕ μbreak

• VEV   → pseudo NG boson w/ derivative interaction⟨ϕ⟩ ≠ 0

• SM Higgs  + singlet complex scalar H ϕ
m2

DM



[cf. soft pion theorem]

pseudo-Nambu-Goldston DM

5

[Gross-Lebedev-Toma '17]

V(ϕ, H) = VSM(H) − μ2
ϕ |ϕ |2 + λϕ |ϕ |4 + λϕH |ϕ |2 |H |2 + (μ2

break ϕ2 + h . c . )

• global :  , softly broken by U(1) ϕ → eiθϕ μbreak

• VEV   → pseudo NG boson w/ derivative interaction⟨ϕ⟩ ≠ 0

• SM Higgs  + singlet complex scalar H ϕ

evade the dilemma elegantly!
SM

SMDM

DMdi
re

ct
 d

et
ec

t.

annihilation

q

∝ q2 = {t ≃ 0
s ≃ 4m2

DM

@ direct detection

@ annihilation

m2
DM



Cons of original pNG DM model
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V(ϕ, H) = VSM(H) − μ2
ϕ |ϕ |2 + λϕ |ϕ |4 + λϕH |ϕ |2 |H |2 + (μ2

break ϕ2 + h . c . )

• SSB of   → domain wall problemℤ2

fig. from https://www.ctc.cam.ac.uk/outreach/origins/
cosmic_structures_two.php

→ needs to be improved

• other soft-breaking terms ,  are 
dropped by hand

ϕ ϕ3

• other pNG DM models in literature: 
[Abe-Toma-Tsumura 2001.03954]    [Okada-Raut-Shafi, 2001.05910] 
[Abe et. al., 2104.13523]    [Okada et. al., 2105.03419] 
[Abe- Hamada, 2205.11919]    [Liu et. al., 2208.06653]  
[Otsuka- et. al. 2210.08696]    [Chiang et. al., 2311.13753]

We propose an alternative pNG DM model
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Our model



Model
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• impose     U(1)1 × U(1)2 = U(1)V × U(1)A

• scalar extension w/ two singlet complex scalars ϕ1, ϕ2

[Abe-YH-Tsumura 2401.02397]

(phase rot. of )ϕ1, ϕ2
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• impose     U(1)1 × U(1)2 = U(1)V × U(1)A

• scalar extension w/ two singlet complex scalars ϕ1, ϕ2

[Abe-YH-Tsumura 2401.02397]

• exchange  symmetry:  ℤ2 ϕ1 ↔ ϕ2

(phase rot. of )ϕ1, ϕ2
gauged global, softly broken

with the scalar potential
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and the covariant derivatives

Dµ�i = (@µ � igV Vµ)�i (i = 1, 2), (2.8)

where H is the Higgs doublet in the SM. Here Vµ⌫ and Yµ⌫ are the field strengths of a

dark U(1)V gauge field Vµ and the SM U(1)Y gauge field Yµ. In general, Vµ has a gauge

kinetic mixing with Yµ proportional to the mixing parameter sin ✏. The U(1)a symmetry

is explicitly and softly broken only by the parameter m2

12
in the scalar potential. Other

soft-breaking terms such as �1�1 + �2�2 are forbidden by the U(1)V gauge symmetry.

2.2 VEVs and stationary condition

In the following, we assume the scalar fields to take VEVs as follows,

hHi =
1
p
2

 
0

v

!
, h�1i =

vs
2

, h�2i =
vs
2

, (2.9)

which spontaneously break both the symmetries, U(1)V and U(1)a. We have assumed

that the exchange symmetry (or equivalently, �± ! ±�± symmetry) is not broken at the

vacuum, making the VEVs of �1 and �2 to be equal. Here one can take the VEVs as real

without loss of generality by redefining the fields. The NG boson from the spontaneous

U(1)V symmetry breaking is eaten by the gauge field Vµ. On the other hand, the spon-

taneous breaking of U(1)a produces a NG boson denoted by a that acquires mass due to

the explicit breaking term proportional to m2

12
, and hence can be used as the pNG dark

matter as discussed below.

We obtain the following stationary conditions for the VEVs given in Eq. (2.9):
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from which it follows that m2

12
should be real.

2.3 Scalar mass spectrum

There are four real scalar particles around the vacuum as

H =
1
p
2

 
0

v + �(x)

!
, (2.11)

– 5 –

unique soft-breaking term
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• impose     U(1)1 × U(1)2 = U(1)V × U(1)A
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• exchange  symmetry:  ℤ2 ϕ1 ↔ ϕ2

(phase rot. of )ϕ1, ϕ2
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with the scalar potential

V (H, �1, �2) = m2

1

�
|�1|

2 + |�2|
2
�
�
�
m2

12�
⇤
1�2 + h.c.

�

+
�1

2

�
|�1|

4 + |�2|
4
�
+ �3|�1|

2
|�2|

2

� m2

H |H|
2 + �H |H|

4 + �H1|H|
2
�
|�1|

2 + |�2|
2
�

(2.7)

and the covariant derivatives

Dµ�i = (@µ � igV Vµ)�i (i = 1, 2), (2.8)

where H is the Higgs doublet in the SM. Here Vµ⌫ and Yµ⌫ are the field strengths of a

dark U(1)V gauge field Vµ and the SM U(1)Y gauge field Yµ. In general, Vµ has a gauge

kinetic mixing with Yµ proportional to the mixing parameter sin ✏. The U(1)a symmetry

is explicitly and softly broken only by the parameter m2

12
in the scalar potential. Other

soft-breaking terms such as �1�1 + �2�2 are forbidden by the U(1)V gauge symmetry.
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In the following, we assume the scalar fields to take VEVs as follows,
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which spontaneously break both the symmetries, U(1)V and U(1)a. We have assumed

that the exchange symmetry (or equivalently, �± ! ±�± symmetry) is not broken at the

vacuum, making the VEVs of �1 and �2 to be equal. Here one can take the VEVs as real

without loss of generality by redefining the fields. The NG boson from the spontaneous

U(1)V symmetry breaking is eaten by the gauge field Vµ. On the other hand, the spon-

taneous breaking of U(1)a produces a NG boson denoted by a that acquires mass due to

the explicit breaking term proportional to m2

12
, and hence can be used as the pNG dark

matter as discussed below.

We obtain the following stationary conditions for the VEVs given in Eq. (2.9):
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from which it follows that m2

12
should be real.

2.3 Scalar mass spectrum

There are four real scalar particles around the vacuum as

H =
1
p
2

 
0

v + �(x)

!
, (2.11)

– 5 –

unique soft-breaking term

→ no DW problem



Particle contents
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• convenient to introduce "Higgs basis"

ϕ+ ≡
1

2
(ϕ1 + ϕ2) ϕ− ≡

1

2
(ϕ1 − ϕ2)

[Abe-YH-Tsumura 2401.02397]

 odd, ℤ2 ⟨ϕ−⟩ = 0 evenℤ2



Particle contents
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• convenient to introduce "Higgs basis"

ϕ+ ≡
1

2
(ϕ1 + ϕ2) ϕ− ≡

1

2
(ϕ1 − ϕ2)

• expand around VEVs:

[Abe-YH-Tsumura 2401.02397]

 odd, ℤ2 ⟨ϕ−⟩ = 0 evenℤ2

H =
iπ+

W
1

2
(vh + σ + iπZ) ϕ+ =

1

2
(vs + s+ + iπV) ϕ− =

1

2
(s− + ia)

stable pNG DM 
coming from U(1)A

mix to be h, h′ 



Particle contents
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• convenient to introduce "Higgs basis"

ϕ+ ≡
1

2
(ϕ1 + ϕ2) ϕ− ≡

1

2
(ϕ1 − ϕ2)

• expand around VEVs:

[Abe-YH-Tsumura 2401.02397]

 odd, ℤ2 ⟨ϕ−⟩ = 0 evenℤ2

H =
iπ+

W
1

2
(vh + σ + iπZ) ϕ+ =

1

2
(vs + s+ + iπV) ϕ− =

1

2
(s− + ia)

stable pNG DM 
coming from U(1)A

mix to be h, h′ 

•  is also  odd → assume s− ℤ2 ms−
> mDM



Gauge kinetic mixing

9

• the new gauge field  mixes with SM : Vμ Yμ

[Abe-YH-Tsumura 2401.02397]

ℒmix = −
sin ϵ

2
YμνVμν

→ mass eigenstates:   Zμ Aμ Z′ μ new massive gauge boson

→ obtain masses from VEVs of SM Higgs  and new scalar H ϕ+



Gauge kinetic mixing

9

• the new gauge field  mixes with SM : Vμ Yμ

[Abe-YH-Tsumura 2401.02397]

ℒmix = −
sin ϵ

2
YμνVμν

→ mass eigenstates:   Zμ Aμ Z′ μ new massive gauge boson

•  boson easily decays to SM particlesZ′ 
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Prediction and constraints



χ χ

h, h′

q q

DM DM

h, h′ 

Direct detection @ tree level
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• easily shown in non-linear rep.

[Abe-YH-Tsumura 2401.02397]

ϕ2 =
1

2 ( 1

2
vs + s2) exp [−i

πa

vs ]

ϕ1 =
1

2 ( 1

2
vs + s1) exp [+i

πa

vs ]
DM
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• easily shown in non-linear rep.

[Abe-YH-Tsumura 2401.02397]

ϕ2 =
1

2 ( 1

2
vs + s2) exp [−i

πa

vs ]

ϕ1 =
1

2 ( 1

2
vs + s1) exp [+i

πa

vs ]

ℒ
sπaπa

= −
2
vs

[s+πa (∂2 + m2
DM) πa + πa∂μπa ∂μs+]

on-shell cond.
→ 0 → 0

low q

DM

• relevant cubic coupling (linear comb of  )s+ = (s1 + s2)/ 2 = h h′ 
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• easily shown in non-linear rep.

[Abe-YH-Tsumura 2401.02397]

ϕ2 =
1

2 ( 1

2
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vs ]
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1

2 ( 1
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πa

vs ]

ℒ
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= −
2
vs

[s+πa (∂2 + m2
DM) πa + πa∂μπa ∂μs+]

on-shell cond.
→ 0 → 0

low q

DM

• relevant cubic coupling (linear comb of  )s+ = (s1 + s2)/ 2 = h h′ 

vanishes!
→ 0



DM thermal relic 
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[Abe-YH-Tsumura 2401.02397]

sin ξ = 0.1, sin ϵ = 10−4

ΩDMh 2 = 0.12

higgs invisible decay

perturbative unitarity

ΩDMh 2 = 0.12

Landau pole

less constrained by perturbativity and Landau pole, 
thanks to the light  massZ′ 



Direct detection @ loop level
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[Abe-YH-Tsumura 2401.02397]
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Figure 9: The diagrams that contain s in the loop.
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and the definitions of the loop functions are the same as those given by Looptools [32].

Note that the contributions from Fig. 8 do not vanish in the limit of m2

12
! 0 unless

adding other diagrams that are independent of m2

12
. Instead of adding them, we subtract

m2

12
independent part as stated in Sec. 5,

Figure 9 shows the diagrams containing s� in the loop. Among these diagrams,

Fig. 9(d) vanishes because ⇡
V

⇡
V

hj coupling is proportional to aahj coupling. We cal-

culate the rest of the diagrams. We find
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Figure 8: The diagrams that contain a in the loop.

where

gffh =
mf

v
c⇠, (D.3)

gffh0 =�
mf

v
s⇠, (D.4)

gaah =
m2

h

vs
s⇠, (D.5)

gaah0 =
m2

h0

vs
c⇠, (D.6)

gaahh =
(m2

h0c2⇠s⇠ + m2

h
s3
⇠
)v + c3

⇠
(m2

h
� m2

h0)vs

vv2s
s⇠, (D.7)

gaahh0 =
(m2

h0c2⇠ + m2

h
s2
⇠
)v � c⇠s⇠(m2

h
� m2

h0)vs

vv2s
s⇠c⇠, (D.8)

gaah0h0 =
(m2

h0c3⇠ + m2

h
c⇠s2⇠)v + s3

⇠
(m2

h
� m2

h0)vs

vv2s
c⇠, (D.9)
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Figure 10: The 2-loop diagram that contains top loop in the blob.

To obtain �
SI
, it is convenient to consider the e↵ective Lagrangian relevant for the

scattering process as given by

Leff =
1

2
CS

q mqa
2q̄q +

1

2
CS

g

↵s

⇡
a2Ga

µ⌫G
aµ⌫ , (D.21)

where CS
q and CS

g are Wilson coe�cients and can be read o↵ from the scattering amplitudes

calculated so far. Using these Wilson coe�cients, we calculate �
SI
,

�SI =
1

4⇡

✓
µNmN

ma

◆
2

������

X

q=u,d,s

CS

q fN

q �
8

9
CS

g fN

g

������

2

, (D.22)

where mN and µN ⌘ mNma/(mN + ma) are the nucleon mass and the reduced mass,

respectively. fN
q and fN

g are the matrix elements of the operators evaluated by the nucleon

states,

fN

q mN = hN |mq q̄q |Ni , (D.23)

�
8

9
fN

g mN = hN |
↵s

⇡
Ga

µ⌫G
aµ⌫

|Ni . (D.24)

Their approximate values are given as [33]

fp

u = 0.019, fp

d
= 0.027, fn

u = 0.013, fn

d
= 0.040, fp

s = fn

s = 0.009, (D.25)

fN

g = 1� fN

u � fN

d
� fN

s +O(↵s). (D.26)
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Neutrino fog

LZ
Landau pole @

 100 TeV

To test the model, we should go into neutrino fog!

[Abe-YH-Tsumura 2401.02397]

ΩDMh2 = 0.12
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• We proposed a new pNG DM model in which dark sector consists 

of two scalars  and gauge boson ϕ1, ϕ2 Z′ μ

• pNG DM comes from SSB of  and is stabilized by 

exchange symmetry  .

U(1)A

ϕ1 ↔ ϕ2

• pNG DM models evade direct detection constraint keeping the 
thermal DM relic.

• The original model suffers from DW problem and assumes  the 
other soft-breaking terms to vanish.

• Direct detection signal is covered by neutrino fog  

   → experiments must go further!
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from which we get the PU bound on the eigenvalues,

|�H | < 4⇡, (3.7)

|2�1 � �3| < 8⇡, (3.8)

|�3| < 8⇡, (3.9)
����2�1 + �3 + 6�H ±

q
(2�1 + �3 � 6�H)2 + 16�2

H1

���� < 16⇡ . (3.10)

In addition, we have also scattering modes between U(1)V charged states such as �1�1 !

�1�1 and �1H1 ! �1H1, which give the PU bound

|�1| < 8⇡, (3.11)

|�H1| < 8⇡ . (3.12)

We impose all the inequalities Eqs. (3.7)-(3.12) in our analysis.

3.1.2 gauge coupling

We study V �1 ! V �1 scattering at high energy in the symmetric phase in order to find

the constraint on g
V
. We find that the most stringent bound comes from ` = 0 scattering,

given as

a++

0
= a��

0
=

2g2
V

16⇡
, (3.13)

where ++ and �� mean the helicities of the initial and final V states. From this, we

obtain the PU bound for the dark gauge coupling constant as

gV <
p
4⇡ . (3.14)

3.2 Higgs invisible decay

If m
DM

< mh/2, the SM-like Higgs boson h can decay into a pair of the DM aa. The decay

width is given by

�(h ! aa) =
1

32⇡

g2
aah

mh

s

1�
4m2

DM

m2

h

✓(mh � 2mDM) (3.15)

with

gaah = v�H1 cos ⇠ +
1

2
vs(�1 + �3) sin ⇠ . (3.16)

This process is the Higgs invisible decay and is being searched by the ATLAS and CMS

experiments. Currently, the ATLAS and CMS experiments obtain the upper bound on the

branching ratio as

BRinv <

(
0.107 (ATLAS [21])

0.15 (CMS [22])
(3.17)

at 95% CL.
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3.3 Constraints on scalar mixing angle

One may get constraints on the scalar mixing angle ⇠ as it decreases couplings of the SM-

like Higgs boson to the other SM particles with the factor cos ⇠. From the latest study

on the Higgs boson couplings [23], the most stringent lower bound is the vector boson

coupling, 
V
& 0.97 (95% CL), from which we can read o↵ the bound on ⇠ as sin ⇠ . 0.24.

3.4 Landau pole

Taking into account quantum e↵ects, the running coupling constants depend on the renor-

malization scale and evolve from the infrared (IR) to the UV scales as described by renor-

malization group (RG) equations. In particular, the gauge and scalar quartic couplings

in the dark sector can grow up and might diverge at the UV scale by hitting the Landau

pole when they are su�ciently large at the IR scale. In this subsection, we write down the

RG equations for them. Since �H1 is typically quite small compared to the other coupling

constants, we ignore it in the RG analysis. Note that the non-zero gauge kinetic mixing

sin ✏ is also negligible. In the MS scheme, the one-loop RG equations are given as

(4⇡)2��1 ⌘ (4⇡)2
d�1(µ)

d lnµ
= 10�2

1 + 2�2

3 + 12g4V � 12g2V �1, (3.18)

(4⇡)2��3 ⌘ (4⇡)2
d�2(µ)

d lnµ
= 4�2

3 + 8�1�3 + 12g4V � 12g2V �3, (3.19)

(4⇡)2�g
V
⌘ (4⇡)2

dg
V
(µ)

d lnµ
=

2

3
g3V (3.20)

with µ being the renormalization scale. One can see that, when �1 = �3, ��1 = ��3 holds

and hence the RG flow does not depart from the O(4) symmetric critical surface in the

three dimensional parameter space.

We investigate the energy scale µ = ⇤ at which the coupling constants become non-

perturbative, that is, any of the inequalities Eqs. (3.7)-(3.12) is violated. We adopt this

scale ⇤ as a practical criterion for the energy scale hitting the Landau pole.

3.5 Boundedness of potential

We here provide necessary and su�cient conditions for the scalar potential to be bounded

from below in an arbitrary direction with large field values. Since the quadratic terms

are irrelevant for the large field values, we concentrate on the quartic coupling constants

�1, �3, �H , �H1 in Eq. (2.7). We obtain the conditions as follows:

�1 > 0, �H > 0, �1 + �3 > 0,

�H1 +
p
2�1�H > 0, �H1 +

p
(�1 + �3)�H > 0 . (3.21)

The derivation is given in Appendix. C. We impose these conditions through the whole

parameter space investigated in the following sections.
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• perturbative unitarity

• potential boundedness from below 
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3.3 Constraints on scalar mixing angle

One may get constraints on the scalar mixing angle ⇠ as it decreases couplings of the SM-

like Higgs boson to the other SM particles with the factor cos ⇠. From the latest study

on the Higgs boson couplings [23], the most stringent lower bound is the vector boson

coupling, 
V
& 0.97 (95% CL), from which we can read o↵ the bound on ⇠ as sin ⇠ . 0.24.

3.4 Landau pole

Taking into account quantum e↵ects, the running coupling constants depend on the renor-

malization scale and evolve from the infrared (IR) to the UV scales as described by renor-

malization group (RG) equations. In particular, the gauge and scalar quartic couplings

in the dark sector can grow up and might diverge at the UV scale by hitting the Landau

pole when they are su�ciently large at the IR scale. In this subsection, we write down the

RG equations for them. Since �H1 is typically quite small compared to the other coupling

constants, we ignore it in the RG analysis. Note that the non-zero gauge kinetic mixing

sin ✏ is also negligible. In the MS scheme, the one-loop RG equations are given as

(4⇡)2��1 ⌘ (4⇡)2
d�1(µ)

d lnµ
= 10�2

1 + 2�2

3 + 12g4V � 12g2V �1, (3.18)

(4⇡)2��3 ⌘ (4⇡)2
d�2(µ)

d lnµ
= 4�2

3 + 8�1�3 + 12g4V � 12g2V �3, (3.19)

(4⇡)2�g
V
⌘ (4⇡)2

dg
V
(µ)

d lnµ
=

2

3
g3V (3.20)

with µ being the renormalization scale. One can see that, when �1 = �3, ��1 = ��3 holds

and hence the RG flow does not depart from the O(4) symmetric critical surface in the

three dimensional parameter space.

We investigate the energy scale µ = ⇤ at which the coupling constants become non-

perturbative, that is, any of the inequalities Eqs. (3.7)-(3.12) is violated. We adopt this

scale ⇤ as a practical criterion for the energy scale hitting the Landau pole.

3.5 Boundedness of potential

We here provide necessary and su�cient conditions for the scalar potential to be bounded

from below in an arbitrary direction with large field values. Since the quadratic terms

are irrelevant for the large field values, we concentrate on the quartic coupling constants

�1, �3, �H , �H1 in Eq. (2.7). We obtain the conditions as follows:

�1 > 0, �H > 0, �1 + �3 > 0,

�H1 +
p
2�1�H > 0, �H1 +

p
(�1 + �3)�H > 0 . (3.21)

The derivation is given in Appendix. C. We impose these conditions through the whole

parameter space investigated in the following sections.
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[Arcadi et.al. 1703.07364] mDM/T [LZ 21]

seems incompatible → needs some trick!

Suppress SI cross section  
(direct detection)

⟨σv⟩ ∼ 10−26 cm3/s ∼ 10−19 cm2 σSI ≲ 10−47 cm2
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pNG boson of the O(4) symmetry breaking. This is made obvious in the following basis:

�+ =
1
p
2
(�1 + �2) =

1
p
2
(vs + s+ + i⇡V ) , (A.1)

�� =
1
p
2
(�1 � �2) =

1
p
2
(s� + ia) . (A.2)

Using �1 = �3 and

|�1|
2 + |�2|

2 = |�+|
2 + |��|

2 , (A.3)

the potential in this new basis is written as

V (H, �+, ��) = m2

1(|�+|
2 + |��|

2)� m2

12(|�+|
2
� |��|

2)

+
�1

2

�
|�+|

2 + |��|
2
�2

� m2

H |H|
2 + �H |H|

4 + �H1|H|
2
�
|�+|

2 + |��|
2
�

. (A.4)

It is found that a, ⇡
V
, and s� are (p)NG bosons of this O(4) symmetry. While ⇡

V
is eaten

by the gauge field, the others get their masses 2m2

12
due to the explicit breaking term

proportional to m2

12
.

If one introduces a complex doublet �,

� ⌘

 
��
�+

!
, (A.5)

then the potential is rewritten as

V (H,�) = m2

1|�|
2 + m2

12�
†�3�+

�1

2

�
|�|2

�2

� m2

H |H|
2 + �H |H|

4 + �H1|H|
2
|�|2 , (A.6)

which is invariant under the gauge transformation U(1)V

� ! ei↵(x)� , (A.7)

and hence this model is equivalent to that in Ref. [10]. In this case, the two real components

s� and a form a complex DM, which is denoted by � in Ref. [10]. Therefore, the model

introduced in Sec. 2 can be regarded as a model obtained by decomposing the complex

DM � into real and imaginary parts and splitting their masses.

B The model without exchange symmetry

We here discuss a model generalized by removing the exchange symmetry from the model

discussed above. The field contents are the same as those.
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• assuming ,λ1 = λ3

• emergent  symmetry (softly broken by  ) 

   → degeneracy 

𝒪(4) m2
12

ms−
= mDM

• stable DM:   

→ equivalent to previous model (Abe-Hamada)

ϕ− =
1

2
(s− + ia)


