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Evidences for DM
l Galaxy Rotation Curve
l Velocity Dispersion of Galaxies
l Galaxy Clusters and Gravitational Lensing 
l Sky surveys and baryon acoustic oscillations
l Cosmic Microwave Background (CMB)
l Type Ia supernovae distance measurements
l Lyman-Alpha Forest
l Structure Formation
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https://en.wikipedia.org/wiki/Dark_matter
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Nature of DM
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l Stable (longer lifetime than the age of our universe)
l Electrically neutral
l 27% of energy density of our universe
l Non-relativistic (cold)

Many Candidates for DM
ü Primordial Black Hole 
ü WIMP [ Weakly Interacting Massive Particle ]
ü SIMP
ü Axion, Axion cluster
ü Soliton (EW-skyrmion, Q-ball, B-ball, ...)
ü Super Massive Relic (WIMPzilla, ...)
ü …
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mass vs. interaction strength plane
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WIMP Dark Matter
l DM Produced Thermally in Chemical Equilibrium

l Freeze out abundance
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DM search
l Collider Search of DM
      SM particles collide and produce DMs (cf. LHC Energy 14TeV)

l DM Direct Detection
      DMs hit SM particles
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Cross sections bounds is getting severer, 
while Freeze out cross section must be kept !!



pNGB DM
l SSB & soft breaking of Global Symmetry
l Derivative Interaction
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DM-DM-Higgs int. in NL rep.

l Original Model：

l Non-linear rep.

l DM-DM-Higgs interaction in NL rep.
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DM

SM

DM

SM

σ No interaction if DM satisfies EOM (On-shell condition)

from Kinetic term from potential

<latexit sha1_base64="aB5CpOKc2c6k+Q78sttlTJVxOBI="></latexit>

S =
vS + �p
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ei⇡DM/vS
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Soft U(1)S breaking



Cons of Original model

l pNGB Mass is introduced by hand!!
In general, there are more U(1) breaking terms

l Domain Wall problem（Z2 sym. should not be broken spontaneously）
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C. Gross, O. Lebedev, T. Toma, Phys.Rev.Lett. 119 (2017) 19, 191801, Cancellation Mechanism for Dark-Matter–Nucleon Interaction

Hard breaking of U(1)Forbidden by Z2
= Z2 symmetric model with softly broken U(1) symmetry

Mass



pNGB DM from U(1)B-L
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A Model
l Gauged U(1)B-L

l Key idea of the model building
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Pseudo-Nambu-Goldstone dark matter from gauged U(1)B-L symmetry
Y. Abe, T. Toma, K. Tsumura JHEP 05 (2020) 057 arXiv:2001.03954 [hep-ph]
Pseudo-Goldstone dark matter in a gauged B-L extended standard model
N. Okada, D. Raut, Q. Shafi PRD 103, 055024 (2021) arXiv:2001.05910 [hep-ph]

(motivated by neutrino mass a la seesaw mechanism)

one is absorbed by ZB-L & the other is exact massless NGB

with κ à one is absorbed by ZB-L & the other is massive pNGB

Through κ, U(1)1 and U(1)2 are identified as a (global) subgroup of U(1)B-L

https://doi.org/10.1007/JHEP05(2020)057
http://arxiv.org/abs/2001.03954
https://doi.org/10.1103/PhysRevD.103.055024
http://arxiv.org/abs/2001.05910


Long-Lived DM
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Long-lived DM in 𝑆𝑂(10) pNGB DM model 
• Long-lived DM in 𝑆𝑂 10 pNGB DM model
DM should be lighter than that in the previous work.

• Four-body decays and three-body decay of pNGB DM 

• DM lifetime constraint

18

Gauged 𝑈 1 𝐵−𝐿 model [ATT 20]
Three-body decay dominant

[Baring-Ghosh-Queiroz-Sinha ’16]

DM

Virtual ZB-L*
l pNGB DM decays to SM particles
     via super-heavy ZB-L

l DM lifetime   
Stability (Longevity) constraint

Imply Very High New Physics Scale

Figure 2: Allowed regions in the (mχ, vφ) plane. The scalar mass is fixed as mh2
=

300 GeV for the left panels and mh2
= 1000 GeV for the right panels. The new gauge

boson mass is fixed as mZ′ = 1014 GeV in the upper panels and mZ′ = 1015 GeV in

the lower panels. The orange regions are excluded by the conservative bound of the dark

matter lifetime (τDM ! 1027 s). The gray region is disfavored by the perturbative unitarity

bound of the gauge coupling gB−L. The upper light blue region denotes the parameter

space that the VEV vφ becomes larger than the Planck mass MP .

λHΦ ,λSΦ and sin ε. The Yukawa couplings yν and yΦ are irrelevant for the pNGB sector,

and one can always take appropriate Yukawa couplings and right-handed neutrino masses

consistently with the neutrino oscillation data. Only 4 parameters (mχ, sin θ, vs, mh2
) are

important for the phenomena of the stable dark matter, which are used in the discussion

in the next section. The other parameters are relevant to the dark matter decay. In our

numerical calculations, we choose the following parameter sets as examples:

mh2
= 300 or 1000 GeV, mh3

= 1013 GeV, mZ′ = 1014 or 1015 GeV,

sin θ = 0.1, λHΦ = λSΦ = 10−6, sin ε = 0 or
1√
2
. (27)

The gauge coupling gB−L and the quartic coupling λΦ are fixed by gB−L ≈ m2
Z′/(4v2φ) and

8

Excluded

Excluded

Excluded

Allowed



pNGB DM from SO(10) GUT
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Does pNGB DM imply GUT?
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=
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= 1000 GeV for the right panels. The new gauge

boson mass is fixed as mZ′ = 1014 GeV in the upper panels and mZ′ = 1015 GeV in

the lower panels. The orange regions are excluded by the conservative bound of the dark

matter lifetime (τDM ! 1027 s). The gray region is disfavored by the perturbative unitarity

bound of the gauge coupling gB−L. The upper light blue region denotes the parameter

space that the VEV vφ becomes larger than the Planck mass MP .

λHΦ ,λSΦ and sin ε. The Yukawa couplings yν and yΦ are irrelevant for the pNGB sector,

and one can always take appropriate Yukawa couplings and right-handed neutrino masses

consistently with the neutrino oscillation data. Only 4 parameters (mχ, sin θ, vs, mh2
) are

important for the phenomena of the stable dark matter, which are used in the discussion

in the next section. The other parameters are relevant to the dark matter decay. In our
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Pseudo-Nambu-Goldstone DM RGE
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1-loop RGEs are solved.

Intermediate scale, GUT scale: determined by matching conditions of
gauge couplings

vφ = MI = 1.26× 1011 GeV, MU = 2.06× 1016 GeV
gB−L = 0.38 at µ = MI
Takashi Toma (Kanazawa U.) SUSY2021@Online 24th August 2021 9 / 13

l High Energy Scale is needed for DM Longevity

l GUT naturally predict Ultra High Energy Scale



pNGB DM in SO(10) GUT 
l Model
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Pseudo-Nambu-Goldstone Dark Matter Model Inspired by Grand Unification
Y. Abe, T. Toma, K. Tsumura, N. Yamatsu
Phys. Rev. D104, 035011 (2021) hep-ph/2104.13523

ü Symmetry breaking

DM longevityProton stability
EW sym. breaking

https://doi.org/10.1103/PhysRevD.104.035011
http://de.arxiv.org/abs/arXiv:2104.13523


Predictions of SO(10) pNGB DM
l Unification of Interaction Strength

In SO(10) pNGB DM model, Unification is Requirement !!

 à predictions : 
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Pseudo-Nambu-Goldstone DM RGE

RGE
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1-loop RGEs are solved.

Intermediate scale, GUT scale: determined by matching conditions of
gauge couplings

vφ = MI = 1.26× 1011 GeV, MU = 2.06× 1016 GeV
gB−L = 0.38 at µ = MI
Takashi Toma (Kanazawa U.) SUSY2021@Online 24th August 2021 9 / 13

DM longevity Proton stability DM abundance



Decay of SO(10) pNGB DM
l Low Intermediate scale MI
    à 3 body decay must be forbidden by kinematics 

l 4 body decays
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Pseudo-Nambu-Goldstone DM DM phenomenology

DM decay

χ

hi

Z ′

f

f

f ′

f ′

χ

f

f

f ′

f ′

Z ′

hi

DM lifetime: τDM ! 1017 sec at least
(the age of the universe).

Cosmic ray observations give stronger
limits: τDM ! 1027 sec.
3-body decays χ→ ffhi, ffZ if
mχ ! mhi,mZ → excluded

Baring et al. (2015)

Takashi Toma (Kanazawa U.) SUSY2021@Online 24th August 2021 10 / 13

DM DM

Long-lived DM in 𝑆𝑂(10) pNGB DM model 
• Long-lived DM in 𝑆𝑂 10 pNGB DM model
DM should be lighter than that in the previous work.

• Four-body decays and three-body decay of pNGB DM 

• DM lifetime constraint

18

Gauged 𝑈 1 𝐵−𝐿 model [ATT 20]
Three-body decay dominant

[Baring-Ghosh-Queiroz-Sinha ’16]

DM

Pseudo-Nambu-Goldstone DM DM phenomenology

DM decay2

Orange region is excluded.
(τDM ! 1027 sec)

DM should be ! 100 GeV

vφ = MI ∼ 1011 GeV

Takashi Toma (Kanazawa U.) SUSY2021@Online 24th August 2021 11 / 13

Light DM is implied from SO(10)

Kinetic mixing is predicted by SO(10)



Decay of SO(10) pNGB DM
l Low Intermediate scale MI
    à 3 body decay must be forbidden by kinematics 

l 4 body decays
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Gauged 𝑈 1 𝐵−𝐿 model [ATT 20]
Three-body decay dominant

[Baring-Ghosh-Queiroz-Sinha ’16]

DM

Light DM is implied from SO(10)

Figure 4: Parameter space in (m�, hh2) plane, where the VEV is fixed to be v� = MI . The orange
region is excluded by the bound of the gamma-ray observations (⌧� = 1027 s) for sin ✓ = 10�1, 10�2 and
10�3.

�-f -f 0 mediated by h1 and h2 becomes small when mh1 ' mh2 .

Figure 5: Parameter space thermally reproducing the observed relic abundance consistent with some
other observations. The red line represents the parameter space reproducing the correct thermal relic
abundance ⌦�h2

' 0.12. The orange and green region are excluded by gamma-ray observations coming
from the DM decay and annihilations, respectively. The purple region are excluded by the constraints
of the Higgs invisible decay h1 ! �� and the Higgs signal strength. The gray region is perturbative
unitarity bound �S > 8⇡/3.

Thermal relic abundance of DM is calculated using micrOMEGAs [70]. The results are shown
in Fig. 5, where the other parameters are fixed to be mh2 = 70GeV, sin ✓ = 0.05 in the left panel
and mh2 = 130GeV and sin ✓ = 0.05 the right panel. The red line denotes the parameter space
which can reproduce the observed relic abundance of DM ⌦�h2 ' 0.12 [4]. The purple region
is excluded by the constraints of the Higgs invisible decay and Higgs signal strength [71, 72],
and the gray region is excluded by the perturbative unitarity bound �S < 8⇡/3 [73]. The
green and orange region are ruled out by the constraints of the gamma-ray observations for
DM annihilations [74] and four body decays [66], respectively. One can see that the thermal
relic abundance can be consistent with all the constraints when the DM mass is rather close to
the resonances m� . mhi

/2. This is the characteristic due to the requirement from the gauge
coupling unification in the current GUT pNGB model.

We comment on the allowed parameter space m� . mhi
/2. For the second Higgs mass

rather heavier than the SM-like Higgs mass, the constraint of the gamma-ray observations can

14

70GeV



Relic Abundance & Constraints
l Narrow DM mass window
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Figure 4: Parameter space in (m�, hh2) plane, where the VEV is fixed to be v� = MI . The orange
region is excluded by the bound of the gamma-ray observations (⌧� = 1027 s) for sin ✓ = 10�1, 10�2 and
10�3.

�-f -f 0 mediated by h1 and h2 becomes small when mh1 ' mh2 .

Figure 5: Parameter space thermally reproducing the observed relic abundance consistent with some
other observations. The red line represents the parameter space reproducing the correct thermal relic
abundance ⌦�h2

' 0.12. The orange and green region are excluded by gamma-ray observations coming
from the DM decay and annihilations, respectively. The purple region are excluded by the constraints
of the Higgs invisible decay h1 ! �� and the Higgs signal strength. The gray region is perturbative
unitarity bound �S > 8⇡/3.

Thermal relic abundance of DM is calculated using micrOMEGAs [70]. The results are shown
in Fig. 5, where the other parameters are fixed to be mh2 = 70GeV, sin ✓ = 0.05 in the left panel
and mh2 = 130GeV and sin ✓ = 0.05 the right panel. The red line denotes the parameter space
which can reproduce the observed relic abundance of DM ⌦�h2 ' 0.12 [4]. The purple region
is excluded by the constraints of the Higgs invisible decay and Higgs signal strength [71, 72],
and the gray region is excluded by the perturbative unitarity bound �S < 8⇡/3 [73]. The
green and orange region are ruled out by the constraints of the gamma-ray observations for
DM annihilations [74] and four body decays [66], respectively. One can see that the thermal
relic abundance can be consistent with all the constraints when the DM mass is rather close to
the resonances m� . mhi

/2. This is the characteristic due to the requirement from the gauge
coupling unification in the current GUT pNGB model.

We comment on the allowed parameter space m� . mhi
/2. For the second Higgs mass

rather heavier than the SM-like Higgs mass, the constraint of the gamma-ray observations can
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30-35GeV 50-65GeV



Other sym breaking patterns
l GGUT à GI à GSM
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Group GI Scalars at µ = MI bj
log10(M/1[GeV])
MI MU

↵�1
U

GPS

(1,2,2)10
(4,1,2)16

(10,1,3)126

0

@
b4C
b02L
b2R

1

A =

0

@
� 22

3
�3
+ 13

3

1

A 11.10± 0.08 16.31± 0.15 45.92± 0.50

GPS ⇥D

(1,2,2)10
(4,2,1)16
(4,1,2)16

(10,1,3)126
(10,3,1)126

0

@
b4C
b02L
b2R

1

A =

0

@
�4
+ 13

3
+ 13

3

1

A 13.71± 0.03 15.22± 0.04 40.82± 0.13

GLR

(1,2,2, 0)10
(1,1,2, 1)16
(1,1,3, 2)126

0

BB@

b03C
b02L
b2R
bB�L

1

CCA =

0

BB@

�7
�3
� 13

6
+ 23

4

1

CCA 8.57± 0.06 16.64± 0.13 46.13± 0.41

GLR ⇥D

(1,2,2, 0)10
(1,1,2, 1)16
(1,2,1, 1)16
(1,1,3, 2)126
(1,3,1,�2)126

0

BB@

b03C
b02L
b2R
bB�L

1

CCA =

0

BB@

�7
� 13

6
� 13

6
+ 15

2

1

CCA 10.11± 0.04 15.57± 0.09 43.38± 0.30

Table 5: The values of MI , MU , and ↵�1
U

for several matter contents and symmetry breaking patterns are
summarized. The top of the table corresponds to the present SO(10) pNGB model. The first, second,
and third columns represent the intermediate scale group GI , the matter content for scalar sector at
µ = MI , the beta function coe�cients bj of GI , respectively. The fourth and fifth columns show the
values of MI , MU , and ↵�1

U
. The subscript in the second column stands for each SO(10) representation.

4 Long-lived pNGB as DM candidate

The DM lifetime should be longer than the age of the universe, 1017 s at least. The bound on
DM lifetime becomes stronger depending on DM decay channels due to the constraint of cosmic-
ray observations. In particular, the bound from gamma-ray observations is strong as roughly
⌧� & 1027 s for two body decays [66]. Since the DM lifetime is proportional to the power of the
VEV v�, it becomes longer for larger v�. The evaluation of DM lifetime without GUT has been
studied in Refs. [19, 20], and it has turned out that the VEV should roughly be v� & 1013GeV
in order to be consistent with the gamma-ray observations if three body decays � ! hiff and
Zff can occur. Since in the current GUT pNGB model the kinetic mixing sin ✏ and the VEV
v� are fixed to be sin ✏ = �

p
2/5 and v� ' 1011GeV by the requirement of the gauge coupling

unification, the three body decays should kinematically be forbidden. Therefore we consider the
mass region m� . O(100)GeV and estimate dominant four body decay channels.

Before proceeding to four body decays, we comment on the two body decay channel � ! ⌫⌫,
which is possible even in the case m� . O(100)GeV. Similarly to the U(1)B�L model in the
previous paper [19], this process occurs via the scalar mixing given by Eq. (2.14) and the mixing
between the left-handed and right-handed neutrinos after the electroweak symmetry breaking.
The decay width for this channel is calculated as

�⌫⌫ =
m�

64⇡

v2s
v4
�

X

i

m2
⌫i

= 5⇥ 10�59GeV
⇣ m�

100GeV

⌘⇣ vs
1TeV

⌘2
✓
1011GeV

v�

◆4X

i

⇣ m⌫i

0.1 eV

⌘2
, (4.1)

where m⌫i
is the small neutrino mass eigenvalues. Eq. (4.1) roughly corresponds to the lifetime

⌧⌫⌫ = O(1034) s, which is too small to be observed in neutrino cosmic-rays [67,68] because of the
suppression by the small neutrino mass squared m2

⌫i
. Note that since the scale of the VEV in

the GUT pNGB model is v� ' 1011GeV which is much smaller than the previous analysis [19],
the order of the lifetime for this channel is much shorter. However it is still too long to be

12

Rapid proton decay

Rapid DM decay

Rapid DM decay

= Z2

◎

✕

✕

✕

<210>

<54>

<45>

<210>

If DM is stable, MI can be lower.



pNGB DM from dark SU(2)
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SU(2)D Model
l Can UV-complete pNGB DM be stable?
l Idea : Replace U(1)B-L by SU(2)D 
 à Exact (Dark) Custodial symmetry
l Straightforward extension of U(1)B-L model

2025/4/17-22 GUTPC K. Tsumura (Kyushu) 22

S1 S2

SU(2)D gauge symmetry
Trivial rep.（SM Higgs does not transform）

Fundamental rep.

Adjoint rep.



Dark custodial symmetry
l Without “κ term” (no coupling btw Σ2 &Σ3)

                    with “κ term” 
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SU(2)2L x SU(2)2R x SU(2)3 global symmetries

SU(2)L x U(1)R à unbroken global U(1)V

Enhanced global symmetry à unbroken global SU(2)V after SSB

[ DM is stable ]

gauged



pNGB DM from SU(7) GUT
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Symmetry breaking patterns
l Embedding GSM x SU(2)D into GUT
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M (mn)
M

is the Majorana mass matrix. The scalar potential V ({!x}) contains quadratic, cubic,

and quartic coupling terms,

V ({!x}) = V2 ({!x}) + V3 ({!x}) + V4 ({!x}) , (2.2)

where x = 7,21,35,48. (For Lie groups, see, e.g., Refs. [3,59] and the scalar potential can also

be calculated by using Mathematica packages such as GroupMath [60] and Sym2Int [61, 62].)

The quadratic terms of the scalar potential are given by

V2 ({!x}) =
∑

y=7,21,35

m2
y |!y|

2 +
1

2
m2

48!48!48, (2.3)

where each m2
y stands for the squared mass of the scalar field !y. The cubic terms of the scalar

potential are given by

V3 ({!x}) =
(
ω1!7!21!

†
35 + ω2!21!21!35 +H.c.

)

+
∑

y=7,21,35

ω→y!48 |!y|
2 + ω→48!48!48!48, (2.4)

where the ωs and ω→s are parameters with the dimension of mass. The quartic terms of the scalar

potential are given by

V4 ({!x}) =
(
ε1!7!21!

†
35!48 + ε2!21!21!35!48 + ε3!7!35!35!48 + ε4!7!7!

†
21!48

+ ε5!7!21!21!21 + ε6!7!35!
†
21!

†
21 + ε7!

†
7!21!35!35 +H.c.

)

+
∑

y,z=7,21,35

εy,z |!y|
2
|!z|

2 +
∑

y=7,21,35

εy |!y|
2!48!48 + ε48!48!48!48!48,

(2.5)

where the εs are dimensionless coupling constants, and we have omitted duplicated terms. There

are two invariant terms in each of !7!21!
†
35!48, |!35|

4, |!21|
4, (!48)4, |!7|

2(!48)2, |!7|
2
|!21|

2,

and |!7|
2
|!35|

2. There are three invariant terms in each of |!21|
2
|!35|

2, |!35|
2(!48)2, and

|!21|
2(!48)2.

2.2 Symmetry breaking patterns

The SU(7) GUT gauge group has three di”erent maximal subgroups preserving the GSM →

SU(2)D group:

SU(7) ↑↓






G521 := SU(5)GG → SU(2)D → U(1)X

G341 := SU(3)C → SU(4)LD → U(1)a

G→
521 := SU(5)CD → SU(2)L → U(1)ω

↑↓






SU(3)C → SU(2)L → U(1)Y︸ ︷︷ ︸
subgroups of SU(5)GG

→SU(2)D → U(1)X

SU(3)C → SU(2)L → SU(2)D → U(1)b︸ ︷︷ ︸
subgroups of SU(4)LD

→U(1)a

SU(3)C → SU(2)D → U(1)ε︸ ︷︷ ︸
subgroups of SU(5)CD

→SU(2)L → U(1)ω

= SU(3)C → SU(2)L → U(1)Y → SU(2)D → U(1)X , (2.6)
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Figure 3: The gauge coupling constants ωi vs the energy scale µ for the SM (left) and the SU(7) GUT
model (right). The left plot shows the energy dependence of three gauge coupling constants of SU(3)C ,
SU(2)L, and U(1)Y , ω3C , ω2L, and ω1Y in the energy range of µ = [MZ ,MH ], where MH = 1019 GeV.
The right plot shows ω3C , ω2L, and ω1Y in the energy ranges of µ = [MZ ,MD]; ω3C , ω2L, ω1Y , and ω2D

in the energy range of µ = [MD,MI ]; and ωCD, ω2L, ω1ω in the energy range of µ = [MI ,MH ] [64].

(Ng, Nω) MI/GeV MU/GeV ω→1
U

(3, 3) 2.22→1012 4.18→1016 18.02

(2, 3) 6.89→1012 9.16→1014 22.90

(1, 3) 1.00→1013 2.59→1014 24.46

(0, 3) 1.20→1013 1.38→1014 25.26

(3, 2) – – –

(2, 2) 1.68→1012 1.54→1015 22.54

(1, 2) 4.77→1012 2.63→1014 24.65

(0, 2) 7.35→1012 1.26→1014 25.52

(Ng, Nω) MI/GeV MU/GeV ω→1
U

(3, 1) – – –

(2, 1) 6.43→1010 5.17→1015 21.82

(1, 1) 1.45→1012 2.68→1014 24.95

(0, 1) 3.69→1012 1.10→1014 25.89

(3, 0) – – –

(2, 0) – – –

(1, 0) 1.56→1011 2.80→1014 25.51

(0, 0) 1.32→1012 9.07→1013 26.43

Table 6: Values of MI , MU , and ω→1
U

for di!erent numbers of SU(5)CD adjoint and SU(2)L adjoint
fermions of the intermediate scale mass O(MI). Ng and Nε denote the numbers of the SU(5)CD adjoint
and SU(2)L adjoint fermions, respectively. The case with dashed entries (–) has no solution with MU ↑

1019 GeV.

4 Dark matter (in)stability

We briefly review how the U(1)V symmetry is realized for a vacuum in the GSM→SU(2)D pNGB

DM model. By rewriting ”(x) by #(x) := (iε2”↑(x),”(x)) in Eq. (2.15), the scalar potential is

given as

V(H,#,$) = ↓µ2
HH†H ↓

µ2
!

2
Tr

(
#†#

)
↓

1

2
µ2
”Tr
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$2

)

↓
↔
2ϑ1Tr

(
ε1#

†$#
)
↓
↔
2ϑ2Tr

(
ε2#

†$#
)
↓
↔
2ϑ3Tr

(
ε3#

†$#
)

+ ϖH

(
H†H

)2
+

ϖ!

4

(
Tr

(
#†#

))2
+

1

4
ϖ”Tr

(
$2

)2

+
1

2
ϖH!

(
H†H

)
Tr

(
#†#

)
+

1

2
ϖH”

(
H†H

)
Tr

(
$2

)
+

1

2
ϖ!”Tr

(
#†#

)
Tr

(
$2

)
.

(4.1)

When we neglect the fermionic sector, ϑ1 = ϑ2 = 0 can be chosen without loss of generality by

the redefinition of #. In this basis, for µ2
! > 0 and µ2

” > 0, the global minima of the vacuum

16

!(m)
21 !(n)

7

SU(7) 21 7

ω(5,2)(→3) ω(10,1)(4) ω(1,1)(→10) ω(5,1)(→2) ω(1,2)(5)

G↑
521 (5,2)(→3) (10,1)(4) (1,1)(→10) (5,1)(→2) (1,2)(5)

Q L̃c uc N d̃ ec dc Ñ L

SU(3)C 3 1 3 1 3 1 3 1 1

SU(2)L 2 2 1 1 1 1 1 1 2

U(1)Y +1/6 +1/2 →2/3 0 →1/3 +1 +1/3 0 →1/2

SU(2)D 1 2 1 1 2 1 1 2 1

U(1)X +4 →3 +4 →10 →3 +4 →2 +5 →2

U(1)ω →3 →3 +4 +4 +4 →10 →2 →2 +5

U(1)ε +2 →3 +4 →6 →1 0 →2 +3 0

!(m)
48

SU(7) 48

ω(24,1)(0) ω(1,3)(0) ω(1,1)(0) ω(5,2)(7) ω(5,2)(→7)

G↑
521 (24,1)(0) (1,3)(0) (1,1)(0) (5,2)(7) (5,2)(→7)

g̃ W̃ ↑ B̃ d↑
D

d↑c
D

W̃ B̃↑ X̃ L↑
D

X̃c L↑c
D

SU(3)C 8 1 1 3 3 1 1 3 1 3 1

SU(2)L 1 1 1 1 1 3 1 2 2 2 2

U(1)Y 0 0 0 →1/3 +1/3 0 0 →5/6 +1/2 +5/6 →1/2

SU(2)D 1 3 1 2 2 1 1 1 2 1 2

U(1)X 0 0 0 +7 →7 0 0 0 →7 0 +7

U(1)ω 0 0 0 0 0 0 0 +7 +7 →7 →7

U(1)ε 0 0 0 +5 →5 0 0 +2 →3 →2 +3

Table 2: The content of fermions in the SU(7) model is shown in the G521→ := SU(5)CD↑SU(2)L↑U(1)ω
basis, all belonging to (1/2, 0) under SL(2,C).

where v! and v” stand for the nonvanishing VEVs of ” and #, respectively. Finally, GSM is

broken to SU(3)C↑U(1)EM at the electroweak scale MEW by the nonzero VEV of the SM Higgs

field H, which is a linear combination of components of ”7 and ”35. In summary, we have

SU(7)
v! ↓=0
→→→→↓ G↑

521
vX ↓=0
→→→→↓ GSM ↑ SU(2)D

v”,v# ↓=0
→→→→→→↓ GSM

v ↓=0
→→→↓ SU(3)C ↑ U(1)EM, (2.12)

where v stands for the nonvanishing VEV of H. The up-type quarks, down-type quarks, and

charged leptons become massive via the first and second Yukawa coupling terms in Eq. (2.1)

and the VEV of the Higgs field H in Table 3.

With the particle content of the model defined above, the unification scale MU and the

intermediate scale MI will be determined by gauge coupling unification condition using the

renormalization group equations (RGEs) for the gauge coupling constants in the next section.

2.3 Lagrangian without heavy particles

We have so far described the Lagrangian and symmetry-breaking patterns of the SU(7) GUT

model, and we now consider a non-Abelian pNGB DM model as a low-energy e$ective theory of

the GUT model. The field content of this low-energy e$ective theory includes the field content

7

3 flavor of SU(5)CD adjoint matter @ MI
à Successful GCU 
     & v mass generation
     & p stability



DM (in)stablility
l U(1)V violation caused by Yukawa int

l U(1)V can be restored by appropriate Z2 parity
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Similarly to the SM

!7 !21 !35 !48

SU(7) 7 21 35 48

ω(5,1)(+2) ω(10,1)(+4) ω(10,2)(→1) ω(1,1)(0) ω(24,1)(0)

G↑
521 (5,1)(+2) (10,1)(+4) (10,2)(→1) (1,1)(0) (24,1)(0)

! X H ” #

SU(3)C 1 1 1 1 1

SU(2)L 1 1 2 1 1

U(1)Y 0 0 +1/2 0 0

SU(2)D 2 1 1 1 3

U(1)X →5 →10 →8 0 0

U(1)1 +2 +4 →1 0 0

U(1)2 →3 →6 →6 0 0

Table 3: The content of scalar fields in the SU(7) model is shown in the G→
521 basis. The !7, !21, and

!35 fields are complex scalars, while the !48 field is a real scalar.

Aµ

SU(7) 48

G↑
µ Wµ B↑

µ

G↑
521 (24,1)(0) (1,3)(0) (1,1)(0)

Gµ W ↑
µ Bµ Wµ B↑

µ

SU(3)C 8 1 1 1 1

SU(2)L 1 1 1 3 1

U(1)Y 0 0 0 0 0

SU(2)D 1 3 1 1 1

U(1)X 0 0 0 0 0

Table 4: The content of gauge fields in the SU(7) model is shown in the G→
521 basis.

of the non-Abelian pNGB DM model discussed in Ref. [56] and additional vector-like fermions

required by the grand unification.

The low-energy e$ective theory consists of the SM gauge fields, an SU(2)D gauge field W ↑a
µ

(a = 1, 2, 3), a complex scalar field in 2 of SU(2)D denoted by ! contained in !7, a real scalar

field in 3 of SU(2)D denoted by # contained in !48, and vectorlike fermions. The field content

in the non-Abelian pNGB DM model is summarized in Table 5. In the low-energy regime, this

model has the same field content as in Ref. [56] along with the additional vectorlike fermions.

Six Ñ (n) and three D̃c(m), six L(n) and three L̃c(m), and three N (m) become massive through

the VEVs v! and v”. We assume that the SM Higgs boson H as (1,2)(+1/2) under GSM is a

linear combination of components in !35 and !7.

The Lagrangian of the low-energy e$ective theory is given by

L = →
1

2
tr [GµωG

µω ]→
1

2
tr [WµωW

µω ]→
1

4
BµωB

µω
→

1

2
tr
[
W ↑

µωW
↑µω]

+ (DµH)† (DµH) + (Dµ!)
† (Dµ!) +

1

2
tr [(Dµ#) (Dµ#)]→ V (H,!,#)
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where v stands for the nonvanishing VEV of H. The up-type quarks, down-type quarks, and

charged leptons become massive via the first and second Yukawa coupling terms in Eq. (2.1)

and the VEV of the Higgs field H in Table 3.

With the particle content of the model defined above, the unification scale MU and the

intermediate scale MI will be determined by gauge coupling unification condition using the

renormalization group equations (RGEs) for the gauge coupling constants in the next section.
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Summary
l pNGB DM naturally avoid DM direct detection constraint
l pNGB DM is derived from UV complete theories

l U(1)B-L [ long lived pNGB DM ] 
  è large scale ( GUT scale? )
l SU(2)D [ stable pNGB DM ]

l These models are embedded in GUT theories
l U(1)B-L à SO(10) 
 è low mass DM
l SU(2)D à SU(7)
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We also find the gauge coupling constants of U(1)B�L and U(1)R at µ = MI

gB�L(MI) = 0.3843± 0.0009, gR(MI) = 0.4815± 0.0011, (3.13)

by using gB�L(MI) =
q

3⇡
2 ↵4C(MI) and gR(MI) =

p
4⇡↵2R(MI). Since the standard normal-

ization of U(1)B�L is not the same as that of “U(1)B�L”(⇢ SU(4)C/SU(3)C), the modified
normalization factor is used. The unified gauge coupling constants at µ = MU is given by

↵�1
U

= 45.92± 0.50. (3.14)

The energy dependence of the gauge coupling constants ↵i(µ) in the SO(10) pNGB model is
plotted in Fig. 1.
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Figure 1: The gauge coupling constants ↵i vs the energy scale µ for the SM (the left figure) and the
SO(10) pNGB model (the right figure) are shown. The left figure shows the energy dependence of three
gauge coupling constants of SU(3)C , SU(2)L, and U(1)Y , ↵3C , ↵2L, and ↵1Y in all the energy ranges
µ = [MZ ,MH ], where MH = 1019 GeV. The right figure shows ↵3C , ↵2L, and ↵1Y in the energy ranges
µ = [MZ ,MI ]; ↵4C , ↵2L, ↵2R in the energy ranges µ = [MI ,MH ], where the value of ↵3C is fixed as the
central value ↵3C(MZ) = 0.1181 [53].

As the same as the usual GUT models, nucleon can decay via the so-called lepto-quark
gauge bosons. The proton lifetime via the gauge bosons is roughly estimated as ⌧ ' M4

U
/↵2

U
m5

p

[53, 54, 57], where mp is the proton mass and the gauge boson masses are assumed to be MU .
From the values of MU and ↵U given in Eqs. (3.11) and (3.14), the proton lifetime ⌧ ' 1.1⇥1037

years is predicted. It is far from the current constraint ⌧(p ! e+⇡0) > 2.4⇥ 1034 years at 90%
CL [58]; MU > (4.3 � 4.8) ⇥ 1015GeV for 40 . ↵�1

U
. 50. There is contribution for the

proton decay modes via colored scalar fields shown in Table 3. The color triplet component
of �10 has assumed to have O(MU ), so the contribution for the proton decay via the Yukawa

coupling constant y(ab)10 of the term �10

⇣
 (a)

16 
(b)
16

⌘

10
in Eq. (2.1) is small. Color non-singlet

components of �126 have assumed to O(MI), so the contribution for the proton decay via the

Yukawa coupling constant y(ab)
126

of the term �⇤
126

⇣
 (a)

16 
(b)
16

⌘

126
in Eq. (2.1) can be larger than

the current experimental bounds. This leads to an upper bound of the values of y(ab)
126

in the
model.

We comment on proton decay via a colored Higgs scalar or lepto-quark scalar denoted as
S1 in Ref. [59], which belongs to (3,1, 1/3) under GSM. In the following, we omit Clebsch-
Gordan coe�cients for simplicity. When the lepto-quark scalar S1 has di-quark and quark-
lepton couplings, there are proton decay modes such as p ! e+⇡0, and the proton lifetime is
roughly estimated as ⌧ ' m4

LQ
/(|y|2|z|2m5

p), where mLQ is a lepto-quark mass, y and z represent
generic values of relevant Yukawa coupling constants of the lepto-quark with the quark-lepton

10
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SSB and Explicit breaking
l Yukawa interactions
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Explicit SU(2)R violationSU(2)L x SU(2)R invariant

U(1)R3 [ of SU(2)R ] is kept unbroken
since VEV and τ3 commuteSSB :

è SU(2)V è U(1)V3 (Exact symmetry)

This is the fate of SU(2)V breaking in SM


