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Introduction
SM succeeds in many experiments, 
but still we cannot be satisfied because of 
a lot of “why”, e.g.

Why is Higgs mass tachyonic and O(100) GeV?

Why are there three generations?

Why is parity broken?

Why is θ-term so small?  (strong CP problem)

Why is the gauge symmetry like that?

cosmological observation

dark matter, Baryogenesis, etc.
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What is strong CP problem?
CP is explicitly broken in the SM, so that namely 
θ-term is allowed.
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To avoid the experimental bound, θ should be tiny:
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Why is it so small?



well-known solutions
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global U(1)PQ symmetry 

axion

parity is respected

θ-term is forbidden
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Point of the model building

SU(3)c×SU(2)L×U(1)Y 

・The SM gauge symmetry is

We have to extend or introduce extra symmetries and matters,
in order to respect parity.
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There are so many fields, but some of extra fields could be good 
DM candidates.

・We may need more fields to avoid conflict with 
experimental results.
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Setup



Parity transformation
For Dirac fermion ( q ), 

P q(t, x)P = �0 q(t,�x)
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LR exchanging



Parity transformation
For Dirac fermion ( q ), 
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In the SM
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SU(2)L doublet SU(2)L singlet

need extra something to make parity symmetric

LR exchanging



Our extension to realize LR exchanging
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parity transformation



gauge symmetry

SU(3)c×SU(2)L×U(1)L ×SU(2)R×U(1)R 
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Higgs fields

parity transformation
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matter content 
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“Mirror side”

“SM side”

parity transformation



Yukawa couplings

�Y ij
d Q0 i

RHRd
0 j
L � Y ij

u Q0 i
R
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0 j
L � Y ij

e l0 iRHRe
0 j
L + h.c.
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LY = �Y ij
d Qi

LHLd
j
R � Y ij

u Qi
L
eHLu

j
R � Y ij

e liLHLe
j
R + h.c.

<latexit sha1_base64="zsg5ARzk02S7lpagwnvnp76sjFw="></latexit><latexit sha1_base64="zsg5ARzk02S7lpagwnvnp76sjFw="></latexit><latexit sha1_base64="GgKfgiEkW0R/5Vl7pvQ/KHObbyg="></latexit><latexit sha1_base64="GgKfgiEkW0R/5Vl7pvQ/KHObbyg="></latexit><latexit sha1_base64="GgKfgiEkW0R/5Vl7pvQ/KHObbyg="></latexit><latexit sha1_base64="GgKfgiEkW0R/5Vl7pvQ/KHObbyg="></latexit>



Yukawa couplings

�Y ij
d Q0 i

RHRd
0 j
L � Y ij

u Q0 i
R
eHRu

0 j
L � Y ij

e l0 iRHRe
0 j
L + h.c.

<latexit sha1_base64="Cs097mNMgES7vCVioBOESegrhxc="></latexit><latexit sha1_base64="Cs097mNMgES7vCVioBOESegrhxc="></latexit><latexit sha1_base64="VFE8Bo5ioX0NhE6EL+BWjEJhMFY="></latexit><latexit sha1_base64="VFE8Bo5ioX0NhE6EL+BWjEJhMFY="></latexit><latexit sha1_base64="VFE8Bo5ioX0NhE6EL+BWjEJhMFY="></latexit><latexit sha1_base64="VFE8Bo5ioX0NhE6EL+BWjEJhMFY="></latexit>

LY = �Y ij
d Qi

LHLd
j
R � Y ij

u Qi
L
eHLu

j
R � Y ij

e liLHLe
j
R + h.c.

<latexit sha1_base64="zsg5ARzk02S7lpagwnvnp76sjFw="></latexit><latexit sha1_base64="zsg5ARzk02S7lpagwnvnp76sjFw="></latexit><latexit sha1_base64="GgKfgiEkW0R/5Vl7pvQ/KHObbyg="></latexit><latexit sha1_base64="GgKfgiEkW0R/5Vl7pvQ/KHObbyg="></latexit><latexit sha1_base64="GgKfgiEkW0R/5Vl7pvQ/KHObbyg="></latexit><latexit sha1_base64="GgKfgiEkW0R/5Vl7pvQ/KHObbyg="></latexit>

problem 1

Mirror fermions should be heavy → hHLi ⌧ hHRi
<latexit sha1_base64="CyXLR6tM30V1GCYNBfuYVOk4fJE="></latexit><latexit sha1_base64="CyXLR6tM30V1GCYNBfuYVOk4fJE="></latexit><latexit sha1_base64="mXSr/hJN+Cb4dVHSHb1n03ILz7I="></latexit><latexit sha1_base64="mXSr/hJN+Cb4dVHSHb1n03ILz7I="></latexit><latexit sha1_base64="mXSr/hJN+Cb4dVHSHb1n03ILz7I="></latexit><latexit sha1_base64="mXSr/hJN+Cb4dVHSHb1n03ILz7I="></latexit>



Yukawa couplings

�Y ij
d Q0 i

RHRd
0 j
L � Y ij

u Q0 i
R
eHRu

0 j
L � Y ij

e l0 iRHRe
0 j
L + h.c.

<latexit sha1_base64="Cs097mNMgES7vCVioBOESegrhxc="></latexit><latexit sha1_base64="Cs097mNMgES7vCVioBOESegrhxc="></latexit><latexit sha1_base64="VFE8Bo5ioX0NhE6EL+BWjEJhMFY="></latexit><latexit sha1_base64="VFE8Bo5ioX0NhE6EL+BWjEJhMFY="></latexit><latexit sha1_base64="VFE8Bo5ioX0NhE6EL+BWjEJhMFY="></latexit><latexit sha1_base64="VFE8Bo5ioX0NhE6EL+BWjEJhMFY="></latexit>

LY = �Y ij
d Qi

LHLd
j
R � Y ij

u Qi
L
eHLu

j
R � Y ij

e liLHLe
j
R + h.c.

<latexit sha1_base64="zsg5ARzk02S7lpagwnvnp76sjFw="></latexit><latexit sha1_base64="zsg5ARzk02S7lpagwnvnp76sjFw="></latexit><latexit sha1_base64="GgKfgiEkW0R/5Vl7pvQ/KHObbyg="></latexit><latexit sha1_base64="GgKfgiEkW0R/5Vl7pvQ/KHObbyg="></latexit><latexit sha1_base64="GgKfgiEkW0R/5Vl7pvQ/KHObbyg="></latexit><latexit sha1_base64="GgKfgiEkW0R/5Vl7pvQ/KHObbyg="></latexit>

problem 1

problem 2

Mirror fermions should be heavy → hHLi ⌧ hHRi
<latexit sha1_base64="CyXLR6tM30V1GCYNBfuYVOk4fJE="></latexit><latexit sha1_base64="CyXLR6tM30V1GCYNBfuYVOk4fJE="></latexit><latexit sha1_base64="mXSr/hJN+Cb4dVHSHb1n03ILz7I="></latexit><latexit sha1_base64="mXSr/hJN+Cb4dVHSHb1n03ILz7I="></latexit><latexit sha1_base64="mXSr/hJN+Cb4dVHSHb1n03ILz7I="></latexit><latexit sha1_base64="mXSr/hJN+Cb4dVHSHb1n03ILz7I="></latexit>

Stable colored particles appear

→ introduce extra scalars, Xb and Xl  with  

�ij
u Xb ui

R u0 j
L + �ij

e Xl eiR e0 jL
<latexit sha1_base64="J+zcSZQhKZlbMyhm4P6L/3qaezM="></latexit><latexit sha1_base64="J+zcSZQhKZlbMyhm4P6L/3qaezM="></latexit><latexit sha1_base64="p3eCPvJ5u41CMx6MaJlZ8YbzalU="></latexit><latexit sha1_base64="p3eCPvJ5u41CMx6MaJlZ8YbzalU="></latexit><latexit sha1_base64="p3eCPvJ5u41CMx6MaJlZ8YbzalU="></latexit><latexit sha1_base64="p3eCPvJ5u41CMx6MaJlZ8YbzalU="></latexit>



The detail of Xb and Xl

charge assignment

Fields spin U(1)R U(1)L
Xb 0 �2/3 2/3
Xl 0 1 �1

<latexit sha1_base64="uCHUY48sm9Ka78Opagu6dNEhtyQ="></latexit><latexit sha1_base64="uCHUY48sm9Ka78Opagu6dNEhtyQ="></latexit><latexit sha1_base64="lUNSI8Znr1LIlrJcYh69hmbZh1U="></latexit><latexit sha1_base64="lUNSI8Znr1LIlrJcYh69hmbZh1U="></latexit><latexit sha1_base64="lUNSI8Znr1LIlrJcYh69hmbZh1U="></latexit><latexit sha1_base64="lUNSI8Znr1LIlrJcYh69hmbZh1U="></latexit>

�ij
u Xb ui

R u0 j
L + �ij

e Xl eiR e0 jL
<latexit sha1_base64="J+zcSZQhKZlbMyhm4P6L/3qaezM="></latexit><latexit sha1_base64="J+zcSZQhKZlbMyhm4P6L/3qaezM="></latexit><latexit sha1_base64="p3eCPvJ5u41CMx6MaJlZ8YbzalU="></latexit><latexit sha1_base64="p3eCPvJ5u41CMx6MaJlZ8YbzalU="></latexit><latexit sha1_base64="p3eCPvJ5u41CMx6MaJlZ8YbzalU="></latexit><latexit sha1_base64="p3eCPvJ5u41CMx6MaJlZ8YbzalU="></latexit>

Coupling with quarks and electrons

They are not charged under the other symmetries.

Mirror quarks decay through these couplings:

u0
j ! ui Xb, e0j ! ei Xl

<latexit sha1_base64="/T3ax0sPCymAC6T5HwrlEmMG2ic="></latexit><latexit sha1_base64="/T3ax0sPCymAC6T5HwrlEmMG2ic="></latexit><latexit sha1_base64="iMdifILZgAnoJ0+L2mWyDblqmKU="></latexit><latexit sha1_base64="iMdifILZgAnoJ0+L2mWyDblqmKU="></latexit><latexit sha1_base64="iMdifILZgAnoJ0+L2mWyDblqmKU="></latexit><latexit sha1_base64="iMdifILZgAnoJ0+L2mWyDblqmKU="></latexit>



(I) hXbi = 0 and hXli 6= 0
<latexit sha1_base64="Eg/HlE3T9hmKpTWFrfVQ01XLrq8="></latexit><latexit sha1_base64="Eg/HlE3T9hmKpTWFrfVQ01XLrq8="></latexit><latexit sha1_base64="LMIWMbseD6WZj9/5SLqypvRf/9g="></latexit><latexit sha1_base64="LMIWMbseD6WZj9/5SLqypvRf/9g="></latexit><latexit sha1_base64="LMIWMbseD6WZj9/5SLqypvRf/9g="></latexit><latexit sha1_base64="LMIWMbseD6WZj9/5SLqypvRf/9g="></latexit>

We can consider two cases:

(II) hXbi 6= 0 and hXli = 0
<latexit sha1_base64="ZvA+t0o1n+6IMiKLTfzJe80VDiI=">AAACznichVE7SwNBEB7PV4yvqI1gsxgUbcJEBI0g+Gi0i49owEi4OzfxcG/vvLsEYlBb8Q9YWCmIiD/B0sbGUsWfIJYKNhZOLieJhTrH7X77zffN7jCaLQzXQ3xuUBqbmltaQ23h9o7Oru5IT++aaxUcnad0S1hOWlNdLgzJU57hCZ62Ha6amuDr2s58Jb9e5I5rWHLVK9l801Tz0sgZuuoRlY3MjiwujrIDlhGqzAvO0lmNZZ wqZhnJdxmyA1Vu1StETTHNMBuJxmPoB8NYgmJiPACJOPtORSGIpBW5gQxsgQU6FMAEDhI8wgJUcOnbgDgg2MRtQpk4h5Dh5znsQ5i8BVJxUqjE7tCap9NGwEo6V2q6vlunWwT9DjkZDOEDXuEb3uE1vuDnr7XKfo3KW0q0a1Uvt7Pdx/0rH/+6TNo92K65/nDkaC3Rm03K/N2bR9pJvyeD9LbPVLrVq/cU907eVqaWh8rDeI6v1OcZPuMtdSqL7/rFEl8+hXD9oH4Ha2OxOOGl8ejMXDCyEAzAIIzQXCZgBhYgCSm69xLu4RGelKRSVPaVw6pUaQg8ffAjlKMvYUupgw==</latexit><latexit sha1_base64="ZvA+t0o1n+6IMiKLTfzJe80VDiI=">AAACznichVE7SwNBEB7PV4yvqI1gsxgUbcJEBI0g+Gi0i49owEi4OzfxcG/vvLsEYlBb8Q9YWCmIiD/B0sbGUsWfIJYKNhZOLieJhTrH7X77zffN7jCaLQzXQ3xuUBqbmltaQ23h9o7Oru5IT++aaxUcnad0S1hOWlNdLgzJU57hCZ62Ha6amuDr2s58Jb9e5I5rWHLVK9l801Tz0sgZuuoRlY3MjiwujrIDlhGqzAvO0lmNZZ wqZhnJdxmyA1Vu1StETTHNMBuJxmPoB8NYgmJiPACJOPtORSGIpBW5gQxsgQU6FMAEDhI8wgJUcOnbgDgg2MRtQpk4h5Dh5znsQ5i8BVJxUqjE7tCap9NGwEo6V2q6vlunWwT9DjkZDOEDXuEb3uE1vuDnr7XKfo3KW0q0a1Uvt7Pdx/0rH/+6TNo92K65/nDkaC3Rm03K/N2bR9pJvyeD9LbPVLrVq/cU907eVqaWh8rDeI6v1OcZPuMtdSqL7/rFEl8+hXD9oH4Ha2OxOOGl8ejMXDCyEAzAIIzQXCZgBhYgCSm69xLu4RGelKRSVPaVw6pUaQg8ffAjlKMvYUupgw==</latexit><latexit sha1_base64="506qUL7P1f7uc+DWuHxjMAo3Ho0=">AAACznichVE7SwNBEB7Pd3xFbQSbxaBoEyYi+AAhaqNdfEQDRsLduYmHe3vn3SUQQ7QV/4CFlYKI+BMsbWwsVfwJYqlgY+HkchIV1Dlu99tvvm92h9FsYbge4mOdUt/Q2NTc0hpqa+/o7Ap396y6Vt7ReVK3hOWkNNXlwpA86Rme4Cnb4aqpCb6mbc9V8msF7riGJVe8os03TDUnjayhqx5RmfDM8MLCCNtjaaHKnOAsldFY2q lilpZ8hyHbU+XmV4WoKaYZZsKRWBT9YBidpBgfC8BkjH2mIhBEwgpfQRo2wQId8mACBwkeYQEquPStQwwQbOI2oEScQ8jw8xzKECJvnlScFCqx27Tm6LQesJLOlZqu79bpFkG/Q04Gg3iHF/iCN3iJT/j+a62SX6PyliLtWtXL7UzXYd/y278uk3YPtmquPxxZWov0ZpMyf/fmkXbC78kgve0zlW716j2F3aOX5amlwdIQnuIz9XmCj3hNncrCq362yJeOIUSDwtqgfoLPQa2ORmOEF8ci8dlgZC3QDwMwTHMZhzjMQwKSdO853MI9PCgJpaCUlf2qVKkLPL3wLZSDD1/1qYA=</latexit><latexit sha1_base64="506qUL7P1f7uc+DWuHxjMAo3Ho0=">AAACznichVE7SwNBEB7Pd3xFbQSbxaBoEyYi+AAhaqNdfEQDRsLduYmHe3vn3SUQQ7QV/4CFlYKI+BMsbWwsVfwJYqlgY+HkchIV1Dlu99tvvm92h9FsYbge4mOdUt/Q2NTc0hpqa+/o7Ap396y6Vt7ReVK3hOWkNNXlwpA86Rme4Cnb4aqpCb6mbc9V8msF7riGJVe8os03TDUnjayhqx5RmfDM8MLCCNtjaaHKnOAsldFY2q lilpZ8hyHbU+XmV4WoKaYZZsKRWBT9YBidpBgfC8BkjH2mIhBEwgpfQRo2wQId8mACBwkeYQEquPStQwwQbOI2oEScQ8jw8xzKECJvnlScFCqx27Tm6LQesJLOlZqu79bpFkG/Q04Gg3iHF/iCN3iJT/j+a62SX6PyliLtWtXL7UzXYd/y278uk3YPtmquPxxZWov0ZpMyf/fmkXbC78kgve0zlW716j2F3aOX5amlwdIQnuIz9XmCj3hNncrCq362yJeOIUSDwtqgfoLPQa2ORmOEF8ci8dlgZC3QDwMwTHMZhzjMQwKSdO853MI9PCgJpaCUlf2qVKkLPL3wLZSDD1/1qYA=</latexit><latexit sha1_base64="506qUL7P1f7uc+DWuHxjMAo3Ho0=">AAACznichVE7SwNBEB7Pd3xFbQSbxaBoEyYi+AAhaqNdfEQDRsLduYmHe3vn3SUQQ7QV/4CFlYKI+BMsbWwsVfwJYqlgY+HkchIV1Dlu99tvvm92h9FsYbge4mOdUt/Q2NTc0hpqa+/o7Ap396y6Vt7ReVK3hOWkNNXlwpA86Rme4Cnb4aqpCb6mbc9V8msF7riGJVe8os03TDUnjayhqx5RmfDM8MLCCNtjaaHKnOAsldFY2q lilpZ8hyHbU+XmV4WoKaYZZsKRWBT9YBidpBgfC8BkjH2mIhBEwgpfQRo2wQId8mACBwkeYQEquPStQwwQbOI2oEScQ8jw8xzKECJvnlScFCqx27Tm6LQesJLOlZqu79bpFkG/Q04Gg3iHF/iCN3iJT/j+a62SX6PyliLtWtXL7UzXYd/y278uk3YPtmquPxxZWov0ZpMyf/fmkXbC78kgve0zlW716j2F3aOX5amlwdIQnuIz9XmCj3hNncrCq362yJeOIUSDwtqgfoLPQa2ORmOEF8ci8dlgZC3QDwMwTHMZhzjMQwKSdO853MI9PCgJpaCUlf2qVKkLPL3wLZSDD1/1qYA=</latexit><latexit sha1_base64="506qUL7P1f7uc+DWuHxjMAo3Ho0=">AAACznichVE7SwNBEB7Pd3xFbQSbxaBoEyYi+AAhaqNdfEQDRsLduYmHe3vn3SUQQ7QV/4CFlYKI+BMsbWwsVfwJYqlgY+HkchIV1Dlu99tvvm92h9FsYbge4mOdUt/Q2NTc0hpqa+/o7Ap396y6Vt7ReVK3hOWkNNXlwpA86Rme4Cnb4aqpCb6mbc9V8msF7riGJVe8os03TDUnjayhqx5RmfDM8MLCCNtjaaHKnOAsldFY2q lilpZ8hyHbU+XmV4WoKaYZZsKRWBT9YBidpBgfC8BkjH2mIhBEwgpfQRo2wQId8mACBwkeYQEquPStQwwQbOI2oEScQ8jw8xzKECJvnlScFCqx27Tm6LQesJLOlZqu79bpFkG/Q04Gg3iHF/iCN3iJT/j+a62SX6PyliLtWtXL7UzXYd/y278uk3YPtmquPxxZWov0ZpMyf/fmkXbC78kgve0zlW716j2F3aOX5amlwdIQnuIz9XmCj3hNncrCq362yJeOIUSDwtqgfoLPQa2ORmOEF8ci8dlgZC3QDwMwTHMZhzjMQwKSdO853MI9PCgJpaCUlf2qVKkLPL3wLZSDD1/1qYA=</latexit>



(I) hXbi = 0 and hXli 6= 0
<latexit sha1_base64="Eg/HlE3T9hmKpTWFrfVQ01XLrq8="></latexit><latexit sha1_base64="Eg/HlE3T9hmKpTWFrfVQ01XLrq8="></latexit><latexit sha1_base64="LMIWMbseD6WZj9/5SLqypvRf/9g="></latexit><latexit sha1_base64="LMIWMbseD6WZj9/5SLqypvRf/9g="></latexit><latexit sha1_base64="LMIWMbseD6WZj9/5SLqypvRf/9g="></latexit><latexit sha1_base64="LMIWMbseD6WZj9/5SLqypvRf/9g="></latexit>

・SU(3)c×SU(2)L×U(1)L ×SU(2)R×U(1)R 

→ SU(3)c×SU(2)L×U(1)L×U(1)’ → SU(3)c×SU(2)L×U(1)Y
hHRi 6= 0

<latexit sha1_base64="JecFoiDYOEaoDF1T/LHE0K9FBZ4="></latexit><latexit sha1_base64="JecFoiDYOEaoDF1T/LHE0K9FBZ4="></latexit><latexit sha1_base64="Udt6ZvzXe71gHBJnGYCfWMFPcCU="></latexit><latexit sha1_base64="Udt6ZvzXe71gHBJnGYCfWMFPcCU="></latexit><latexit sha1_base64="Udt6ZvzXe71gHBJnGYCfWMFPcCU="></latexit><latexit sha1_base64="Udt6ZvzXe71gHBJnGYCfWMFPcCU="></latexit>

hXli 6= 0
<latexit sha1_base64="ux2vLcmzVtyjXDR/2WT0goY/JY0="></latexit><latexit sha1_base64="ux2vLcmzVtyjXDR/2WT0goY/JY0="></latexit><latexit sha1_base64="y7/SSTdYT9xThRa+e02ZffaDESI="></latexit><latexit sha1_base64="y7/SSTdYT9xThRa+e02ZffaDESI="></latexit><latexit sha1_base64="y7/SSTdYT9xThRa+e02ZffaDESI="></latexit><latexit sha1_base64="y7/SSTdYT9xThRa+e02ZffaDESI="></latexit>

For instance



(I) hXbi = 0 and hXli 6= 0
<latexit sha1_base64="Eg/HlE3T9hmKpTWFrfVQ01XLrq8="></latexit><latexit sha1_base64="Eg/HlE3T9hmKpTWFrfVQ01XLrq8="></latexit><latexit sha1_base64="LMIWMbseD6WZj9/5SLqypvRf/9g="></latexit><latexit sha1_base64="LMIWMbseD6WZj9/5SLqypvRf/9g="></latexit><latexit sha1_base64="LMIWMbseD6WZj9/5SLqypvRf/9g="></latexit><latexit sha1_base64="LMIWMbseD6WZj9/5SLqypvRf/9g="></latexit>

・SU(3)c×SU(2)L×U(1)L ×SU(2)R×U(1)R 

→ SU(3)c×SU(2)L×U(1)L×U(1)’ → SU(3)c×SU(2)L×U(1)Y

・Xb is neutral under the SM gauge symmetry and  
   stable because of the remnant discrete symmetry.

Xb is a good DM candidate that 
couples to up-type quarks

hHRi 6= 0
<latexit sha1_base64="JecFoiDYOEaoDF1T/LHE0K9FBZ4="></latexit><latexit sha1_base64="JecFoiDYOEaoDF1T/LHE0K9FBZ4="></latexit><latexit sha1_base64="Udt6ZvzXe71gHBJnGYCfWMFPcCU="></latexit><latexit sha1_base64="Udt6ZvzXe71gHBJnGYCfWMFPcCU="></latexit><latexit sha1_base64="Udt6ZvzXe71gHBJnGYCfWMFPcCU="></latexit><latexit sha1_base64="Udt6ZvzXe71gHBJnGYCfWMFPcCU="></latexit>

hXli 6= 0
<latexit sha1_base64="ux2vLcmzVtyjXDR/2WT0goY/JY0="></latexit><latexit sha1_base64="ux2vLcmzVtyjXDR/2WT0goY/JY0="></latexit><latexit sha1_base64="y7/SSTdYT9xThRa+e02ZffaDESI="></latexit><latexit sha1_base64="y7/SSTdYT9xThRa+e02ZffaDESI="></latexit><latexit sha1_base64="y7/SSTdYT9xThRa+e02ZffaDESI="></latexit><latexit sha1_base64="y7/SSTdYT9xThRa+e02ZffaDESI="></latexit>

“baryonic DM”

For instance



・SU(3)c×SU(2)L×U(1)L ×SU(2)R×U(1)R 

→ SU(3)c×SU(2)L×U(1)L×U(1)’ → SU(3)c×SU(2)L×U(1)Y

・Xl is neutral under the SM gauge symmetry and  
   stable because of the remnant discrete symmetry.

Xl is a good DM candidate that 
couples to leptons

hHRi 6= 0
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“leptonic DM”

For instance



Phenomenology  



We can explicitly calculate most parts.  
The relevant free parameters are the Yukawa couplings:

�ij
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e Xl eiR e0 jL
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These couplings contribute to 

flavor physics (D-D mixing, t→qV, μ→eγ, etc.)

LHC physics (pp→jj+missing, ll+missing, etc.)

dark matter physics 

In particular, DM physics strongly constrains this setup.



Dark Matter Physics
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contribute to annihilation and direct detection:

†
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flavor depends on the Yukawa alignment, λu



Allowed region in baryonic DM (Xb)
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coannihilation 

fixed by relic density

(1) Assume DM dominantly couples to charm quark and mirror up quark

1812.07004, Kawamura, Okawa, YO, Tang



Allowed region in baryonic DM (Xb)
(1) Assume DM dominantly couples to charm quark and mirror up quark
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coannihilation 

fixed by relic density
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Direct detection
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(2) DM dominantly couples to top quark and mirror up quark

Allowed region in baryonic DM (Xb)

(u0 ! tXb)
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Allowed region in leptonic DM (Xl)
(3) DM dominantly couples to τ and mirror electron
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Summary
• We propose one model with parity symmetry, 
motivated by the strong CP problem.

Babu, Mohapatra, ‘89

One well-known simple setup 

SU(3)c×SU(2)L×SU(2)R×U(1)B-L 

QL =
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uL

dL
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We have to discuss how to construct the realistic fermion mass spectrum 
and how to avoid avoid the tree-level FCNC.



• Neutrino physics would have rich phenomenology. 

• We propose one model with parity symmetry introducing 
the mirror sector, motivated by the strong CP problem. 

• Yukawa couplings are the same as the SM. 

• Some mirror (colored) charged particles become stable, so 
we introduce extra scalars, Xb and Xl. 

• Xb/Xl is a baryonic/leptonic DM candidate. 

• DM physics strongly constrains this model, as far as DM is 
thermally produced. 

• LHC physics is also important (pp→e’+e’-→l+l- missing etc.).

END
1812.07004, Kawamura, Okawa, YO, Tang 
and work in progress

1812.07004, Kawamura, Okawa, YO, Tang


