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• We construct a model of 
composite asymmetric dark matter 
w/ massive dark photon

• We estimate the constraints on dark photon 
parameters imposed from 
• 𝑁"## from CMB observation
• Direct detection experiment
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• Weakly Interacting 
Massive Particle: 
WIMP

• WIMP scenario: 
DM abundance is 
explained from 
thermal freeze-out.

DM

DM

SM

SM

Fig: G. Jungman, M. Kamionkowski and 
K. Griest, Physics Reports 267(1996)

Thermal 
freeze-out

Annihilation

Production

Γ' ≷ 𝐻

Coincidence Problem (origin of DM)
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If there is no asymmetry generation in baryon sector

𝑛+ 𝑛,+

=
Baryogenesis

𝑛+ 𝑛,+

>
Annihilation

𝑛+ 𝑛,+

III. Asymmetry remains

Baryo-genesis (lepto-genesis) recovers this 10123 discrepancy

II. Asymmetry generatedI. Symmetric

Leptogenesis

𝑇
HIGH LOW

Coincidence Problem (origin of baryon)

npredict
B

nobs
B

< 10�10
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The Universe @ Today

Coincidence Problem

⌦DM

⌦B
' 5 = O(1)

<latexit sha1_base64="10Wmnk6aueahDFGlSoflsuptoBs="></latexit><latexit sha1_base64="10Wmnk6aueahDFGlSoflsuptoBs="></latexit><latexit sha1_base64="10Wmnk6aueahDFGlSoflsuptoBs="></latexit><latexit sha1_base64="10Wmnk6aueahDFGlSoflsuptoBs="></latexit>

Question
• Is there any mechanism that solve this 

problem?

Even after 10123 discrepancy is recovored…

Asymetric Dark Matter!
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Basic Idea of ADM

Ω6:Baryogenesis or Leptogenesis
Ω78:Thermal freeze-out

Originate from the 
Independent Process

Difficult to Solve Coincidence Problem!
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Basic Idea of ADM

Ω6:Baryogenesis or Leptogenesis
Ω78:Thermal freeze-out

Originate from the 
independent process

Difficult to solve coincidence problem!

Baryogenesis or Leptogenesis same

Naturally

Basic Idea of ADM
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What we need for ADM Model
• 𝐵 − 𝐿 charged DM

• 𝐵 − 𝐿 portal interaction 

• Large enough 𝜎=>> of DM

Ω78 from Baryogenesis

Distribute 𝐵 − 𝐿 asym. 
between SM and Dark 
Sector (DS)

Annihilate symmetric 
component of DM

Model Setup
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Thermal History in ADM 

𝐵 − 𝐿 asym.

SM

DS

SMBaryogenesis

Leptogenesis

𝐵 − 𝐿
portal

𝑇

Ω6

SMAnnihilation

HIGH LOW𝑇7

𝐵 − 𝐿 asym.
DS

𝐵 − 𝐿 asym.
SM

𝐵 − 𝐿 asym.
DS

Ω78

DSAnnihilation

𝐵 − 𝐿
portal
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• 𝑛78: Determined by 𝐵 − 𝐿 charge assignment
• Ω78: Determined by observations

𝑚78: Determined by 𝐵 − 𝐿 charge assignment

mDM ' 5GeV ⇥
30ASM

97ADM
⇠ O(1)GeV

ASM ⌘

X

i2SM

qiB�L(ni � n̄i), ADM ⌘

X

i2DM

qiB�L(ni � n̄i)
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• J. A. Harvey and M. S. Turner, Phys. Rev. D42 (1990) 3344–
3349 

• H. Fukuda, S. Matsumoto and S. Mukhopadhyay, Phys. Rev. 
D92 no.1(2015), 013008

⇠ O(10)GeV
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Mass of ADM

In our model
mDM = 8.5GeV
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Why Composite?
1. Recall what we need for ADM model…

• 𝐵 − 𝐿 charged DM

• 𝐵 − 𝐿 portal interaction

• Strong DM annihilation Obtained by confinement!

2. DM mass
ADM mass is typically 1 ∼ 10 GeV.

Obtained by QCD′ dynamics!

⇤QCD0 = 10⇥ ⇤QCD ⇠ 1GeV
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Components of Dark Sector (DS)

SU(3)D B � L U(1)D
Q1 3 1/3 2/3

Q̄1 3̄ �1/3 �2/3

Q2 3 1/3 �1/3

Q̄2 3̄ �1/3 1/3
<latexit sha1_base64="4QkkPjF0dwG94w6pZ/yRS9efZ3o="></latexit><latexit sha1_base64="4QkkPjF0dwG94w6pZ/yRS9efZ3o="></latexit><latexit sha1_base64="4QkkPjF0dwG94w6pZ/yRS9efZ3o="></latexit><latexit sha1_base64="4QkkPjF0dwG94w6pZ/yRS9efZ3o="></latexit>

• DS has 𝑆𝑈 3 7×𝑈 1 7 symmetry. 
• 2-flavor dark quarks are charged under this symmetry and 
𝐵 − 𝐿

+ Dark Higgs to make dark photon massive

SU(3)D
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QCD0
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QED0
<latexit sha1_base64="NbuJ/IA6Ryw5m9mQpaYd5FARU9c=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFdlRkRdFl8gMsW7APaoWTSTBuaZMYkUyhDv8ONC0Xc+jHu/Bsz7Sy09UDgcM693JMTxJxp47rfzsrq2vrGZmGruL2zu7dfOjhs6ihRhDZIxCPVDrCmnEnaMMxw2o4VxSLgtBWMbjO/NaZKs0g+mklMfYEHkoWMYGMlvyuwGSqR1u/vpme9UtmtuDOgZeLlpAw5ar3SV7cfkURQaQjHWnc8NzZ+ipVhhNNpsZtoGmMywgPasVRiQbWfzkJP0alV+iiMlH3SoJn6eyPFQuuJCOxkFlIvepn4n9dJTHjtp0zGiaGSzA+FCUcmQlkDqM8UJYZPLMFEMZsVkSFWmBjbU9GW4C1+eZk0LyqeW/Hql+XqTV5HAY7hBM7BgyuowgPUoAEEnuAZXuHNGTsvzrvzMR9dcfKdI/gD5/MHa9SR2g==</latexit><latexit sha1_base64="NbuJ/IA6Ryw5m9mQpaYd5FARU9c=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFdlRkRdFl8gMsW7APaoWTSTBuaZMYkUyhDv8ONC0Xc+jHu/Bsz7Sy09UDgcM693JMTxJxp47rfzsrq2vrGZmGruL2zu7dfOjhs6ihRhDZIxCPVDrCmnEnaMMxw2o4VxSLgtBWMbjO/NaZKs0g+mklMfYEHkoWMYGMlvyuwGSqR1u/vpme9UtmtuDOgZeLlpAw5ar3SV7cfkURQaQjHWnc8NzZ+ipVhhNNpsZtoGmMywgPasVRiQbWfzkJP0alV+iiMlH3SoJn6eyPFQuuJCOxkFlIvepn4n9dJTHjtp0zGiaGSzA+FCUcmQlkDqM8UJYZPLMFEMZsVkSFWmBjbU9GW4C1+eZk0LyqeW/Hql+XqTV5HAY7hBM7BgyuowgPUoAEEnuAZXuHNGTsvzrvzMR9dcfKdI/gD5/MHa9SR2g==</latexit><latexit sha1_base64="NbuJ/IA6Ryw5m9mQpaYd5FARU9c=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFdlRkRdFl8gMsW7APaoWTSTBuaZMYkUyhDv8ONC0Xc+jHu/Bsz7Sy09UDgcM693JMTxJxp47rfzsrq2vrGZmGruL2zu7dfOjhs6ihRhDZIxCPVDrCmnEnaMMxw2o4VxSLgtBWMbjO/NaZKs0g+mklMfYEHkoWMYGMlvyuwGSqR1u/vpme9UtmtuDOgZeLlpAw5ar3SV7cfkURQaQjHWnc8NzZ+ipVhhNNpsZtoGmMywgPasVRiQbWfzkJP0alV+iiMlH3SoJn6eyPFQuuJCOxkFlIvepn4n9dJTHjtp0zGiaGSzA+FCUcmQlkDqM8UJYZPLMFEMZsVkSFWmBjbU9GW4C1+eZk0LyqeW/Hql+XqTV5HAY7hBM7BgyuowgPUoAEEnuAZXuHNGTsvzrvzMR9dcfKdI/gD5/MHa9SR2g==</latexit><latexit sha1_base64="NbuJ/IA6Ryw5m9mQpaYd5FARU9c=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFdlRkRdFl8gMsW7APaoWTSTBuaZMYkUyhDv8ONC0Xc+jHu/Bsz7Sy09UDgcM693JMTxJxp47rfzsrq2vrGZmGruL2zu7dfOjhs6ihRhDZIxCPVDrCmnEnaMMxw2o4VxSLgtBWMbjO/NaZKs0g+mklMfYEHkoWMYGMlvyuwGSqR1u/vpme9UtmtuDOgZeLlpAw5ar3SV7cfkURQaQjHWnc8NzZ+ipVhhNNpsZtoGmMywgPasVRiQbWfzkJP0alV+iiMlH3SoJn6eyPFQuuJCOxkFlIvepn4n9dJTHjtp0zGiaGSzA+FCUcmQlkDqM8UJYZPLMFEMZsVkSFWmBjbU9GW4C1+eZk0LyqeW/Hql+XqTV5HAY7hBM7BgyuowgPUoAEEnuAZXuHNGTsvzrvzMR9dcfKdI/gD5/MHa9SR2g==</latexit>

U(1)D
<latexit sha1_base64="9A5w5XtJmp00mwZbwITr+LHrYP0=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquFPRY1IPHCm5baJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48ammZKkJ9IrlUnRBrypmgvmGG006iKI5DTtvh+Gbmt5+o0kyKBzNJaBDjoWARI9hYqeVXvfP+bb9ccWvuHGiVeDmpQI5mv/zVG0iSxlQYwrHWXc9NTJBhZRjhdFrqpZommIzxkHYtFTimOsjm107RmVUGKJLKljBorv6eyHCs9SQObWeMzUgvezPxP6+bmugqyJhIUkMFWSyKUo6MRLPX0YApSgyfWIKJYvZWREZYYWJsQCUbgrf88ippXdQ8t+bd1yuN6zyOIpzAKVTBg0towB00wQcCj/AMr/DmSOfFeXc+Fq0FJ585hj9wPn8AKYOOMA==</latexit><latexit sha1_base64="9A5w5XtJmp00mwZbwITr+LHrYP0=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquFPRY1IPHCm5baJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48ammZKkJ9IrlUnRBrypmgvmGG006iKI5DTtvh+Gbmt5+o0kyKBzNJaBDjoWARI9hYqeVXvfP+bb9ccWvuHGiVeDmpQI5mv/zVG0iSxlQYwrHWXc9NTJBhZRjhdFrqpZommIzxkHYtFTimOsjm107RmVUGKJLKljBorv6eyHCs9SQObWeMzUgvezPxP6+bmugqyJhIUkMFWSyKUo6MRLPX0YApSgyfWIKJYvZWREZYYWJsQCUbgrf88ippXdQ8t+bd1yuN6zyOIpzAKVTBg0towB00wQcCj/AMr/DmSOfFeXc+Fq0FJ585hj9wPn8AKYOOMA==</latexit><latexit sha1_base64="9A5w5XtJmp00mwZbwITr+LHrYP0=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquFPRY1IPHCm5baJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48ammZKkJ9IrlUnRBrypmgvmGG006iKI5DTtvh+Gbmt5+o0kyKBzNJaBDjoWARI9hYqeVXvfP+bb9ccWvuHGiVeDmpQI5mv/zVG0iSxlQYwrHWXc9NTJBhZRjhdFrqpZommIzxkHYtFTimOsjm107RmVUGKJLKljBorv6eyHCs9SQObWeMzUgvezPxP6+bmugqyJhIUkMFWSyKUo6MRLPX0YApSgyfWIKJYvZWREZYYWJsQCUbgrf88ippXdQ8t+bd1yuN6zyOIpzAKVTBg0towB00wQcCj/AMr/DmSOfFeXc+Fq0FJ585hj9wPn8AKYOOMA==</latexit><latexit sha1_base64="9A5w5XtJmp00mwZbwITr+LHrYP0=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquFPRY1IPHCm5baJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48ammZKkJ9IrlUnRBrypmgvmGG006iKI5DTtvh+Gbmt5+o0kyKBzNJaBDjoWARI9hYqeVXvfP+bb9ccWvuHGiVeDmpQI5mv/zVG0iSxlQYwrHWXc9NTJBhZRjhdFrqpZommIzxkHYtFTimOsjm107RmVUGKJLKljBorv6eyHCs9SQObWeMzUgvezPxP6+bmugqyJhIUkMFWSyKUo6MRLPX0YApSgyfWIKJYvZWREZYYWJsQCUbgrf88ippXdQ8t+bd1yuN6zyOIpzAKVTBg0towB00wQcCj/AMr/DmSOfFeXc+Fq0FJ585hj9wPn8AKYOOMA==</latexit>
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𝐵 − 𝐿 portal interaction
𝐵 − 𝐿 asymmetry: Generated from Leptogenesis.
Interaction between SM and 𝑁F

LN-SM =
1

2
MRN̄RN̄R + yNHLN̄R + h.c.

<latexit sha1_base64="AzUESyw+ZpT+FHkDS9mKiQY7+vA="></latexit><latexit sha1_base64="AzUESyw+ZpT+FHkDS9mKiQY7+vA="></latexit><latexit sha1_base64="AzUESyw+ZpT+FHkDS9mKiQY7+vA="></latexit><latexit sha1_base64="AzUESyw+ZpT+FHkDS9mKiQY7+vA="></latexit>

Interaction between DS and 𝑁F

At T < 𝑀F, 

LN-D =
1

M2
⇤

�
Q̄1Q̄2Q̄2

�
N̄R + h.c.

<latexit sha1_base64="8FqwabH5fJPrZE7gVkkbIyuAt3s="></latexit><latexit sha1_base64="8FqwabH5fJPrZE7gVkkbIyuAt3s="></latexit><latexit sha1_base64="8FqwabH5fJPrZE7gVkkbIyuAt3s="></latexit><latexit sha1_base64="8FqwabH5fJPrZE7gVkkbIyuAt3s="></latexit>

LB�Lportal =
yN

M2
⇤MR

�
Q̄1Q̄2Q̄2

�
LH + h.c. =

1

⇤3
⇤

�
Q̄1Q̄2Q̄2

�
LH + h.c.

<latexit sha1_base64="Io/6r4dn9DxDaidH+FrPg1l1Zxo="></latexit><latexit sha1_base64="Io/6r4dn9DxDaidH+FrPg1l1Zxo="></latexit><latexit sha1_base64="Io/6r4dn9DxDaidH+FrPg1l1Zxo="></latexit><latexit sha1_base64="Io/6r4dn9DxDaidH+FrPg1l1Zxo="></latexit>

⇤⇤ =
�
M2

⇤MR/yN
�1/3

<latexit sha1_base64="/29hFdbUgv9J83yG3dRA9tGhgCo="></latexit><latexit sha1_base64="/29hFdbUgv9J83yG3dRA9tGhgCo="></latexit><latexit sha1_base64="/29hFdbUgv9J83yG3dRA9tGhgCo="></latexit><latexit sha1_base64="/29hFdbUgv9J83yG3dRA9tGhgCo="></latexit>
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Confinement of DS
QCD′ components confine to compose dark nucleons and 
dark pions, like ordinary QCD

Q1
<latexit sha1_base64="LNV4PqIZjphFAfUv+vN7gbielho=">AAACEnicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5ct2ge0pWTSTBuaZEKSEYahn+BO9F/ciVt/wF9xZdrOwlYPXDiccy/33hMqzoz1/S+vsLa+sblV3C7t7O7tH5QPj1omTjShTRLzWHdCbChnkjYts5x2lKZYhJy2w8ntzG8/Um1YLB9sqmhf4JFkESPYOum+MQgG5Ypf9edAf0mQkwrkqA/K371hTBJBpSUcG9MNfGX7GdaWEU6npV5iqMJkgke066jEgpp+Nj91is6cMkRRrF1Ji+bq74kMC2NSEbpOge3YrHoz8T+vm9joup8xqRJLJVksihKObIxmf6Mh05RYnjqCiWbuVkTGWGNiXTpLWyKaSqGW/sjUODWMmKkLK1iN5i9pXVQDvxo0Liu1mzy2IpzAKZxDAFdQgzuoQxMIjOAJXuDVe/bevHfvY9Fa8PKZY1iC9/kD/Zqe3w==</latexit><latexit sha1_base64="LNV4PqIZjphFAfUv+vN7gbielho=">AAACEnicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5ct2ge0pWTSTBuaZEKSEYahn+BO9F/ciVt/wF9xZdrOwlYPXDiccy/33hMqzoz1/S+vsLa+sblV3C7t7O7tH5QPj1omTjShTRLzWHdCbChnkjYts5x2lKZYhJy2w8ntzG8/Um1YLB9sqmhf4JFkESPYOum+MQgG5Ypf9edAf0mQkwrkqA/K371hTBJBpSUcG9MNfGX7GdaWEU6npV5iqMJkgke066jEgpp+Nj91is6cMkRRrF1Ji+bq74kMC2NSEbpOge3YrHoz8T+vm9joup8xqRJLJVksihKObIxmf6Mh05RYnjqCiWbuVkTGWGNiXTpLWyKaSqGW/sjUODWMmKkLK1iN5i9pXVQDvxo0Liu1mzy2IpzAKZxDAFdQgzuoQxMIjOAJXuDVe/bevHfvY9Fa8PKZY1iC9/kD/Zqe3w==</latexit><latexit sha1_base64="LNV4PqIZjphFAfUv+vN7gbielho=">AAACEnicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5ct2ge0pWTSTBuaZEKSEYahn+BO9F/ciVt/wF9xZdrOwlYPXDiccy/33hMqzoz1/S+vsLa+sblV3C7t7O7tH5QPj1omTjShTRLzWHdCbChnkjYts5x2lKZYhJy2w8ntzG8/Um1YLB9sqmhf4JFkESPYOum+MQgG5Ypf9edAf0mQkwrkqA/K371hTBJBpSUcG9MNfGX7GdaWEU6npV5iqMJkgke066jEgpp+Nj91is6cMkRRrF1Ji+bq74kMC2NSEbpOge3YrHoz8T+vm9joup8xqRJLJVksihKObIxmf6Mh05RYnjqCiWbuVkTGWGNiXTpLWyKaSqGW/sjUODWMmKkLK1iN5i9pXVQDvxo0Liu1mzy2IpzAKZxDAFdQgzuoQxMIjOAJXuDVe/bevHfvY9Fa8PKZY1iC9/kD/Zqe3w==</latexit><latexit sha1_base64="LNV4PqIZjphFAfUv+vN7gbielho=">AAACEnicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5ct2ge0pWTSTBuaZEKSEYahn+BO9F/ciVt/wF9xZdrOwlYPXDiccy/33hMqzoz1/S+vsLa+sblV3C7t7O7tH5QPj1omTjShTRLzWHdCbChnkjYts5x2lKZYhJy2w8ntzG8/Um1YLB9sqmhf4JFkESPYOum+MQgG5Ypf9edAf0mQkwrkqA/K371hTBJBpSUcG9MNfGX7GdaWEU6npV5iqMJkgke066jEgpp+Nj91is6cMkRRrF1Ji+bq74kMC2NSEbpOge3YrHoz8T+vm9joup8xqRJLJVksihKObIxmf6Mh05RYnjqCiWbuVkTGWGNiXTpLWyKaSqGW/sjUODWMmKkLK1iN5i9pXVQDvxo0Liu1mzy2IpzAKZxDAFdQgzuoQxMIjOAJXuDVe/bevHfvY9Fa8PKZY1iC9/kD/Zqe3w==</latexit>

Q2
<latexit sha1_base64="xN8J5kda3au0DV5P9w6WwxeTpa4=">AAACEnicbVDLSgNBEJyNrxhfUY9eFoPgKewGQY9BLx4TNA9IljA76U2GzMwOM7PCsuQTvIn+izfx6g/4K56cJHswiQUNRVU33V2hZFQbz/t2ChubW9s7xd3S3v7B4VH5+KSt40QRaJGYxaobYg2MCmgZahh0pQLMQwadcHI38ztPoDSNxaNJJQQcjwSNKMHGSg/NQW1QrnhVbw53nfg5qaAcjUH5pz+MScJBGMKw1j3fkybIsDKUMJiW+okGickEj6BnqcAcdJDNT526F1YZulGsbAnjztW/ExnmWqc8tJ0cm7Fe9Wbif14vMdFNkFEhEwOCLBZFCXNN7M7+dodUATEstQQTRe2tLhljhYmx6SxtiSAVXC79kclxqinRUxuWvxrNOmnXqr5X9ZtXlfptHlsRnaFzdIl8dI3q6B41UAsRNELP6BW9OS/Ou/PhfC5aC04+c4qW4Hz9Av9GnuA=</latexit><latexit sha1_base64="xN8J5kda3au0DV5P9w6WwxeTpa4=">AAACEnicbVDLSgNBEJyNrxhfUY9eFoPgKewGQY9BLx4TNA9IljA76U2GzMwOM7PCsuQTvIn+izfx6g/4K56cJHswiQUNRVU33V2hZFQbz/t2ChubW9s7xd3S3v7B4VH5+KSt40QRaJGYxaobYg2MCmgZahh0pQLMQwadcHI38ztPoDSNxaNJJQQcjwSNKMHGSg/NQW1QrnhVbw53nfg5qaAcjUH5pz+MScJBGMKw1j3fkybIsDKUMJiW+okGickEj6BnqcAcdJDNT526F1YZulGsbAnjztW/ExnmWqc8tJ0cm7Fe9Wbif14vMdFNkFEhEwOCLBZFCXNN7M7+dodUATEstQQTRe2tLhljhYmx6SxtiSAVXC79kclxqinRUxuWvxrNOmnXqr5X9ZtXlfptHlsRnaFzdIl8dI3q6B41UAsRNELP6BW9OS/Ou/PhfC5aC04+c4qW4Hz9Av9GnuA=</latexit><latexit sha1_base64="xN8J5kda3au0DV5P9w6WwxeTpa4=">AAACEnicbVDLSgNBEJyNrxhfUY9eFoPgKewGQY9BLx4TNA9IljA76U2GzMwOM7PCsuQTvIn+izfx6g/4K56cJHswiQUNRVU33V2hZFQbz/t2ChubW9s7xd3S3v7B4VH5+KSt40QRaJGYxaobYg2MCmgZahh0pQLMQwadcHI38ztPoDSNxaNJJQQcjwSNKMHGSg/NQW1QrnhVbw53nfg5qaAcjUH5pz+MScJBGMKw1j3fkybIsDKUMJiW+okGickEj6BnqcAcdJDNT526F1YZulGsbAnjztW/ExnmWqc8tJ0cm7Fe9Wbif14vMdFNkFEhEwOCLBZFCXNN7M7+dodUATEstQQTRe2tLhljhYmx6SxtiSAVXC79kclxqinRUxuWvxrNOmnXqr5X9ZtXlfptHlsRnaFzdIl8dI3q6B41UAsRNELP6BW9OS/Ou/PhfC5aC04+c4qW4Hz9Av9GnuA=</latexit><latexit sha1_base64="xN8J5kda3au0DV5P9w6WwxeTpa4=">AAACEnicbVDLSgNBEJyNrxhfUY9eFoPgKewGQY9BLx4TNA9IljA76U2GzMwOM7PCsuQTvIn+izfx6g/4K56cJHswiQUNRVU33V2hZFQbz/t2ChubW9s7xd3S3v7B4VH5+KSt40QRaJGYxaobYg2MCmgZahh0pQLMQwadcHI38ztPoDSNxaNJJQQcjwSNKMHGSg/NQW1QrnhVbw53nfg5qaAcjUH5pz+MScJBGMKw1j3fkybIsDKUMJiW+okGickEj6BnqcAcdJDNT526F1YZulGsbAnjztW/ExnmWqc8tJ0cm7Fe9Wbif14vMdFNkFEhEwOCLBZFCXNN7M7+dodUATEstQQTRe2tLhljhYmx6SxtiSAVXC79kclxqinRUxuWvxrNOmnXqr5X9ZtXlfptHlsRnaFzdIl8dI3q6B41UAsRNELP6BW9OS/Ou/PhfC5aC04+c4qW4Hz9Av9GnuA=</latexit>

Q̄2
<latexit sha1_base64="1WTwVGNPOIpuZvleRSPtg8MPYSQ=">AAACGHicbVA9SwNBEN2LXzF+RS1tDoNgFe6CoGXQxjIB8yHJEfY2c8mS3b1ld084jvwKO9H/Yie2dv4VKzfJFSbxwcDjvRlm5oWSUW0879spbGxube8Ud0t7+weHR+Xjk7aOE0WgRWIWq26INTAqoGWoYdCVCjAPGXTCyd3M7zyB0jQWDyaVEHA8EjSiBBsrPfZDrLLmdFAblCte1ZvDXSd+TiooR2NQ/ukPY5JwEIYwrHXP96QJMqwMJQympX6iQWIywSPoWSowBx1k84On7oVVhm4UK1vCuHP170SGudYpD20nx2asV72Z+J/XS0x0E2RUyMSAIItFUcJcE7uz790hVUAMSy3BRFF7q0vGWGFibEZLWyJIBZdLf2RynGpK9NSG5a9Gs07atarvVf3mVaV+m8dWRGfoHF0iH12jOrpHDdRCBHH0jF7Rm/PivDsfzueiteDkM6doCc7XLyhvoaU=</latexit><latexit sha1_base64="1WTwVGNPOIpuZvleRSPtg8MPYSQ=">AAACGHicbVA9SwNBEN2LXzF+RS1tDoNgFe6CoGXQxjIB8yHJEfY2c8mS3b1ld084jvwKO9H/Yie2dv4VKzfJFSbxwcDjvRlm5oWSUW0879spbGxube8Ud0t7+weHR+Xjk7aOE0WgRWIWq26INTAqoGWoYdCVCjAPGXTCyd3M7zyB0jQWDyaVEHA8EjSiBBsrPfZDrLLmdFAblCte1ZvDXSd+TiooR2NQ/ukPY5JwEIYwrHXP96QJMqwMJQympX6iQWIywSPoWSowBx1k84On7oVVhm4UK1vCuHP170SGudYpD20nx2asV72Z+J/XS0x0E2RUyMSAIItFUcJcE7uz790hVUAMSy3BRFF7q0vGWGFibEZLWyJIBZdLf2RynGpK9NSG5a9Gs07atarvVf3mVaV+m8dWRGfoHF0iH12jOrpHDdRCBHH0jF7Rm/PivDsfzueiteDkM6doCc7XLyhvoaU=</latexit><latexit sha1_base64="1WTwVGNPOIpuZvleRSPtg8MPYSQ=">AAACGHicbVA9SwNBEN2LXzF+RS1tDoNgFe6CoGXQxjIB8yHJEfY2c8mS3b1ld084jvwKO9H/Yie2dv4VKzfJFSbxwcDjvRlm5oWSUW0879spbGxube8Ud0t7+weHR+Xjk7aOE0WgRWIWq26INTAqoGWoYdCVCjAPGXTCyd3M7zyB0jQWDyaVEHA8EjSiBBsrPfZDrLLmdFAblCte1ZvDXSd+TiooR2NQ/ukPY5JwEIYwrHXP96QJMqwMJQympX6iQWIywSPoWSowBx1k84On7oVVhm4UK1vCuHP170SGudYpD20nx2asV72Z+J/XS0x0E2RUyMSAIItFUcJcE7uz790hVUAMSy3BRFF7q0vGWGFibEZLWyJIBZdLf2RynGpK9NSG5a9Gs07atarvVf3mVaV+m8dWRGfoHF0iH12jOrpHDdRCBHH0jF7Rm/PivDsfzueiteDkM6doCc7XLyhvoaU=</latexit><latexit sha1_base64="1WTwVGNPOIpuZvleRSPtg8MPYSQ=">AAACGHicbVA9SwNBEN2LXzF+RS1tDoNgFe6CoGXQxjIB8yHJEfY2c8mS3b1ld084jvwKO9H/Yie2dv4VKzfJFSbxwcDjvRlm5oWSUW0879spbGxube8Ud0t7+weHR+Xjk7aOE0WgRWIWq26INTAqoGWoYdCVCjAPGXTCyd3M7zyB0jQWDyaVEHA8EjSiBBsrPfZDrLLmdFAblCte1ZvDXSd+TiooR2NQ/ukPY5JwEIYwrHXP96QJMqwMJQympX6iQWIywSPoWSowBx1k84On7oVVhm4UK1vCuHP170SGudYpD20nx2asV72Z+J/XS0x0E2RUyMSAIItFUcJcE7uz790hVUAMSy3BRFF7q0vGWGFibEZLWyJIBZdLf2RynGpK9NSG5a9Gs07atarvVf3mVaV+m8dWRGfoHF0iH12jOrpHDdRCBHH0jF7Rm/PivDsfzueiteDkM6doCc7XLyhvoaU=</latexit>

Q̄1
<latexit sha1_base64="HC57QLlK/r8kpwEAnANs1/KhbPQ=">AAACGHicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHoxWMLtlXaUDbbSbt0d7PsboQQ8iu8if4Xb+LVm3/Fk9s2B9v6YODx3gwz80LJqDae9+2U1tY3NrfK25Wd3b39g+rhUUfHiSLQJjGL1UOINTAqoG2oYfAgFWAeMuiGk9up330CpWks7k0qIeB4JGhECTZWeuyHWGWtfOAPqjWv7s3grhK/IDVUoDmo/vSHMUk4CEMY1rrne9IEGVaGEgZ5pZ9okJhM8Ah6lgrMQQfZ7ODcPbPK0I1iZUsYd6b+ncgw1zrloe3k2Iz1sjcV//N6iYmug4wKmRgQZL4oSphrYnf6vTukCohhqSWYKGpvdckYK0yMzWhhSwSp4HLhj0yOU02Jzm1Y/nI0q6RzUfe9ut+6rDVuitjK6ASdonPkoyvUQHeoidqIII6e0St6c16cd+fD+Zy3lpxi5hgtwPn6BSbDoaQ=</latexit><latexit sha1_base64="HC57QLlK/r8kpwEAnANs1/KhbPQ=">AAACGHicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHoxWMLtlXaUDbbSbt0d7PsboQQ8iu8if4Xb+LVm3/Fk9s2B9v6YODx3gwz80LJqDae9+2U1tY3NrfK25Wd3b39g+rhUUfHiSLQJjGL1UOINTAqoG2oYfAgFWAeMuiGk9up330CpWks7k0qIeB4JGhECTZWeuyHWGWtfOAPqjWv7s3grhK/IDVUoDmo/vSHMUk4CEMY1rrne9IEGVaGEgZ5pZ9okJhM8Ah6lgrMQQfZ7ODcPbPK0I1iZUsYd6b+ncgw1zrloe3k2Iz1sjcV//N6iYmug4wKmRgQZL4oSphrYnf6vTukCohhqSWYKGpvdckYK0yMzWhhSwSp4HLhj0yOU02Jzm1Y/nI0q6RzUfe9ut+6rDVuitjK6ASdonPkoyvUQHeoidqIII6e0St6c16cd+fD+Zy3lpxi5hgtwPn6BSbDoaQ=</latexit><latexit sha1_base64="HC57QLlK/r8kpwEAnANs1/KhbPQ=">AAACGHicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHoxWMLtlXaUDbbSbt0d7PsboQQ8iu8if4Xb+LVm3/Fk9s2B9v6YODx3gwz80LJqDae9+2U1tY3NrfK25Wd3b39g+rhUUfHiSLQJjGL1UOINTAqoG2oYfAgFWAeMuiGk9up330CpWks7k0qIeB4JGhECTZWeuyHWGWtfOAPqjWv7s3grhK/IDVUoDmo/vSHMUk4CEMY1rrne9IEGVaGEgZ5pZ9okJhM8Ah6lgrMQQfZ7ODcPbPK0I1iZUsYd6b+ncgw1zrloe3k2Iz1sjcV//N6iYmug4wKmRgQZL4oSphrYnf6vTukCohhqSWYKGpvdckYK0yMzWhhSwSp4HLhj0yOU02Jzm1Y/nI0q6RzUfe9ut+6rDVuitjK6ASdonPkoyvUQHeoidqIII6e0St6c16cd+fD+Zy3lpxi5hgtwPn6BSbDoaQ=</latexit><latexit sha1_base64="HC57QLlK/r8kpwEAnANs1/KhbPQ=">AAACGHicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHoxWMLtlXaUDbbSbt0d7PsboQQ8iu8if4Xb+LVm3/Fk9s2B9v6YODx3gwz80LJqDae9+2U1tY3NrfK25Wd3b39g+rhUUfHiSLQJjGL1UOINTAqoG2oYfAgFWAeMuiGk9up330CpWks7k0qIeB4JGhECTZWeuyHWGWtfOAPqjWv7s3grhK/IDVUoDmo/vSHMUk4CEMY1rrne9IEGVaGEgZ5pZ9okJhM8Ah6lgrMQQfZ7ODcPbPK0I1iZUsYd6b+ncgw1zrloe3k2Iz1sjcV//N6iYmug4wKmRgQZL4oSphrYnf6vTukCohhqSWYKGpvdckYK0yMzWhhSwSp4HLhj0yOU02Jzm1Y/nI0q6RzUfe9ut+6rDVuitjK6ASdonPkoyvUQHeoidqIII6e0St6c16cd+fD+Zy3lpxi5hgtwPn6BSbDoaQ=</latexit>

Q̄2
<latexit sha1_base64="1WTwVGNPOIpuZvleRSPtg8MPYSQ=">AAACGHicbVA9SwNBEN2LXzF+RS1tDoNgFe6CoGXQxjIB8yHJEfY2c8mS3b1ld084jvwKO9H/Yie2dv4VKzfJFSbxwcDjvRlm5oWSUW0879spbGxube8Ud0t7+weHR+Xjk7aOE0WgRWIWq26INTAqoGWoYdCVCjAPGXTCyd3M7zyB0jQWDyaVEHA8EjSiBBsrPfZDrLLmdFAblCte1ZvDXSd+TiooR2NQ/ukPY5JwEIYwrHXP96QJMqwMJQympX6iQWIywSPoWSowBx1k84On7oVVhm4UK1vCuHP170SGudYpD20nx2asV72Z+J/XS0x0E2RUyMSAIItFUcJcE7uz790hVUAMSy3BRFF7q0vGWGFibEZLWyJIBZdLf2RynGpK9NSG5a9Gs07atarvVf3mVaV+m8dWRGfoHF0iH12jOrpHDdRCBHH0jF7Rm/PivDsfzueiteDkM6doCc7XLyhvoaU=</latexit><latexit sha1_base64="1WTwVGNPOIpuZvleRSPtg8MPYSQ=">AAACGHicbVA9SwNBEN2LXzF+RS1tDoNgFe6CoGXQxjIB8yHJEfY2c8mS3b1ld084jvwKO9H/Yie2dv4VKzfJFSbxwcDjvRlm5oWSUW0879spbGxube8Ud0t7+weHR+Xjk7aOE0WgRWIWq26INTAqoGWoYdCVCjAPGXTCyd3M7zyB0jQWDyaVEHA8EjSiBBsrPfZDrLLmdFAblCte1ZvDXSd+TiooR2NQ/ukPY5JwEIYwrHXP96QJMqwMJQympX6iQWIywSPoWSowBx1k84On7oVVhm4UK1vCuHP170SGudYpD20nx2asV72Z+J/XS0x0E2RUyMSAIItFUcJcE7uz790hVUAMSy3BRFF7q0vGWGFibEZLWyJIBZdLf2RynGpK9NSG5a9Gs07atarvVf3mVaV+m8dWRGfoHF0iH12jOrpHDdRCBHH0jF7Rm/PivDsfzueiteDkM6doCc7XLyhvoaU=</latexit><latexit sha1_base64="1WTwVGNPOIpuZvleRSPtg8MPYSQ=">AAACGHicbVA9SwNBEN2LXzF+RS1tDoNgFe6CoGXQxjIB8yHJEfY2c8mS3b1ld084jvwKO9H/Yie2dv4VKzfJFSbxwcDjvRlm5oWSUW0879spbGxube8Ud0t7+weHR+Xjk7aOE0WgRWIWq26INTAqoGWoYdCVCjAPGXTCyd3M7zyB0jQWDyaVEHA8EjSiBBsrPfZDrLLmdFAblCte1ZvDXSd+TiooR2NQ/ukPY5JwEIYwrHXP96QJMqwMJQympX6iQWIywSPoWSowBx1k84On7oVVhm4UK1vCuHP170SGudYpD20nx2asV72Z+J/XS0x0E2RUyMSAIItFUcJcE7uz790hVUAMSy3BRFF7q0vGWGFibEZLWyJIBZdLf2RynGpK9NSG5a9Gs07atarvVf3mVaV+m8dWRGfoHF0iH12jOrpHDdRCBHH0jF7Rm/PivDsfzueiteDkM6doCc7XLyhvoaU=</latexit><latexit sha1_base64="1WTwVGNPOIpuZvleRSPtg8MPYSQ=">AAACGHicbVA9SwNBEN2LXzF+RS1tDoNgFe6CoGXQxjIB8yHJEfY2c8mS3b1ld084jvwKO9H/Yie2dv4VKzfJFSbxwcDjvRlm5oWSUW0879spbGxube8Ud0t7+weHR+Xjk7aOE0WgRWIWq26INTAqoGWoYdCVCjAPGXTCyd3M7zyB0jQWDyaVEHA8EjSiBBsrPfZDrLLmdFAblCte1ZvDXSd+TiooR2NQ/ukPY5JwEIYwrHXP96QJMqwMJQympX6iQWIywSPoWSowBx1k84On7oVVhm4UK1vCuHP170SGudYpD20nx2asV72Z+J/XS0x0E2RUyMSAIItFUcJcE7uz790hVUAMSy3BRFF7q0vGWGFibEZLWyJIBZdLf2RynGpK9NSG5a9Gs07atarvVf3mVaV+m8dWRGfoHF0iH12jOrpHDdRCBHH0jF7Rm/PivDsfzueiteDkM6doCc7XLyhvoaU=</latexit>

Q2
<latexit sha1_base64="xN8J5kda3au0DV5P9w6WwxeTpa4=">AAACEnicbVDLSgNBEJyNrxhfUY9eFoPgKewGQY9BLx4TNA9IljA76U2GzMwOM7PCsuQTvIn+izfx6g/4K56cJHswiQUNRVU33V2hZFQbz/t2ChubW9s7xd3S3v7B4VH5+KSt40QRaJGYxaobYg2MCmgZahh0pQLMQwadcHI38ztPoDSNxaNJJQQcjwSNKMHGSg/NQW1QrnhVbw53nfg5qaAcjUH5pz+MScJBGMKw1j3fkybIsDKUMJiW+okGickEj6BnqcAcdJDNT526F1YZulGsbAnjztW/ExnmWqc8tJ0cm7Fe9Wbif14vMdFNkFEhEwOCLBZFCXNN7M7+dodUATEstQQTRe2tLhljhYmx6SxtiSAVXC79kclxqinRUxuWvxrNOmnXqr5X9ZtXlfptHlsRnaFzdIl8dI3q6B41UAsRNELP6BW9OS/Ou/PhfC5aC04+c4qW4Hz9Av9GnuA=</latexit><latexit sha1_base64="xN8J5kda3au0DV5P9w6WwxeTpa4=">AAACEnicbVDLSgNBEJyNrxhfUY9eFoPgKewGQY9BLx4TNA9IljA76U2GzMwOM7PCsuQTvIn+izfx6g/4K56cJHswiQUNRVU33V2hZFQbz/t2ChubW9s7xd3S3v7B4VH5+KSt40QRaJGYxaobYg2MCmgZahh0pQLMQwadcHI38ztPoDSNxaNJJQQcjwSNKMHGSg/NQW1QrnhVbw53nfg5qaAcjUH5pz+MScJBGMKw1j3fkybIsDKUMJiW+okGickEj6BnqcAcdJDNT526F1YZulGsbAnjztW/ExnmWqc8tJ0cm7Fe9Wbif14vMdFNkFEhEwOCLBZFCXNN7M7+dodUATEstQQTRe2tLhljhYmx6SxtiSAVXC79kclxqinRUxuWvxrNOmnXqr5X9ZtXlfptHlsRnaFzdIl8dI3q6B41UAsRNELP6BW9OS/Ou/PhfC5aC04+c4qW4Hz9Av9GnuA=</latexit><latexit sha1_base64="xN8J5kda3au0DV5P9w6WwxeTpa4=">AAACEnicbVDLSgNBEJyNrxhfUY9eFoPgKewGQY9BLx4TNA9IljA76U2GzMwOM7PCsuQTvIn+izfx6g/4K56cJHswiQUNRVU33V2hZFQbz/t2ChubW9s7xd3S3v7B4VH5+KSt40QRaJGYxaobYg2MCmgZahh0pQLMQwadcHI38ztPoDSNxaNJJQQcjwSNKMHGSg/NQW1QrnhVbw53nfg5qaAcjUH5pz+MScJBGMKw1j3fkybIsDKUMJiW+okGickEj6BnqcAcdJDNT526F1YZulGsbAnjztW/ExnmWqc8tJ0cm7Fe9Wbif14vMdFNkFEhEwOCLBZFCXNN7M7+dodUATEstQQTRe2tLhljhYmx6SxtiSAVXC79kclxqinRUxuWvxrNOmnXqr5X9ZtXlfptHlsRnaFzdIl8dI3q6B41UAsRNELP6BW9OS/Ou/PhfC5aC04+c4qW4Hz9Av9GnuA=</latexit><latexit sha1_base64="xN8J5kda3au0DV5P9w6WwxeTpa4=">AAACEnicbVDLSgNBEJyNrxhfUY9eFoPgKewGQY9BLx4TNA9IljA76U2GzMwOM7PCsuQTvIn+izfx6g/4K56cJHswiQUNRVU33V2hZFQbz/t2ChubW9s7xd3S3v7B4VH5+KSt40QRaJGYxaobYg2MCmgZahh0pQLMQwadcHI38ztPoDSNxaNJJQQcjwSNKMHGSg/NQW1QrnhVbw53nfg5qaAcjUH5pz+MScJBGMKw1j3fkybIsDKUMJiW+okGickEj6BnqcAcdJDNT526F1YZulGsbAnjztW/ExnmWqc8tJ0cm7Fe9Wbif14vMdFNkFEhEwOCLBZFCXNN7M7+dodUATEstQQTRe2tLhljhYmx6SxtiSAVXC79kclxqinRUxuWvxrNOmnXqr5X9ZtXlfptHlsRnaFzdIl8dI3q6B41UAsRNELP6BW9OS/Ou/PhfC5aC04+c4qW4Hz9Av9GnuA=</latexit>

Q1
<latexit sha1_base64="LNV4PqIZjphFAfUv+vN7gbielho=">AAACEnicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5ct2ge0pWTSTBuaZEKSEYahn+BO9F/ciVt/wF9xZdrOwlYPXDiccy/33hMqzoz1/S+vsLa+sblV3C7t7O7tH5QPj1omTjShTRLzWHdCbChnkjYts5x2lKZYhJy2w8ntzG8/Um1YLB9sqmhf4JFkESPYOum+MQgG5Ypf9edAf0mQkwrkqA/K371hTBJBpSUcG9MNfGX7GdaWEU6npV5iqMJkgke066jEgpp+Nj91is6cMkRRrF1Ji+bq74kMC2NSEbpOge3YrHoz8T+vm9joup8xqRJLJVksihKObIxmf6Mh05RYnjqCiWbuVkTGWGNiXTpLWyKaSqGW/sjUODWMmKkLK1iN5i9pXVQDvxo0Liu1mzy2IpzAKZxDAFdQgzuoQxMIjOAJXuDVe/bevHfvY9Fa8PKZY1iC9/kD/Zqe3w==</latexit><latexit sha1_base64="LNV4PqIZjphFAfUv+vN7gbielho=">AAACEnicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5ct2ge0pWTSTBuaZEKSEYahn+BO9F/ciVt/wF9xZdrOwlYPXDiccy/33hMqzoz1/S+vsLa+sblV3C7t7O7tH5QPj1omTjShTRLzWHdCbChnkjYts5x2lKZYhJy2w8ntzG8/Um1YLB9sqmhf4JFkESPYOum+MQgG5Ypf9edAf0mQkwrkqA/K371hTBJBpSUcG9MNfGX7GdaWEU6npV5iqMJkgke066jEgpp+Nj91is6cMkRRrF1Ji+bq74kMC2NSEbpOge3YrHoz8T+vm9joup8xqRJLJVksihKObIxmf6Mh05RYnjqCiWbuVkTGWGNiXTpLWyKaSqGW/sjUODWMmKkLK1iN5i9pXVQDvxo0Liu1mzy2IpzAKZxDAFdQgzuoQxMIjOAJXuDVe/bevHfvY9Fa8PKZY1iC9/kD/Zqe3w==</latexit><latexit sha1_base64="LNV4PqIZjphFAfUv+vN7gbielho=">AAACEnicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5ct2ge0pWTSTBuaZEKSEYahn+BO9F/ciVt/wF9xZdrOwlYPXDiccy/33hMqzoz1/S+vsLa+sblV3C7t7O7tH5QPj1omTjShTRLzWHdCbChnkjYts5x2lKZYhJy2w8ntzG8/Um1YLB9sqmhf4JFkESPYOum+MQgG5Ypf9edAf0mQkwrkqA/K371hTBJBpSUcG9MNfGX7GdaWEU6npV5iqMJkgke066jEgpp+Nj91is6cMkRRrF1Ji+bq74kMC2NSEbpOge3YrHoz8T+vm9joup8xqRJLJVksihKObIxmf6Mh05RYnjqCiWbuVkTGWGNiXTpLWyKaSqGW/sjUODWMmKkLK1iN5i9pXVQDvxo0Liu1mzy2IpzAKZxDAFdQgzuoQxMIjOAJXuDVe/bevHfvY9Fa8PKZY1iC9/kD/Zqe3w==</latexit><latexit sha1_base64="LNV4PqIZjphFAfUv+vN7gbielho=">AAACEnicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5ct2ge0pWTSTBuaZEKSEYahn+BO9F/ciVt/wF9xZdrOwlYPXDiccy/33hMqzoz1/S+vsLa+sblV3C7t7O7tH5QPj1omTjShTRLzWHdCbChnkjYts5x2lKZYhJy2w8ntzG8/Um1YLB9sqmhf4JFkESPYOum+MQgG5Ypf9edAf0mQkwrkqA/K371hTBJBpSUcG9MNfGX7GdaWEU6npV5iqMJkgke066jEgpp+Nj91is6cMkRRrF1Ji+bq74kMC2NSEbpOge3YrHoz8T+vm9joup8xqRJLJVksihKObIxmf6Mh05RYnjqCiWbuVkTGWGNiXTpLWyKaSqGW/sjUODWMmKkLK1iN5i9pXVQDvxo0Liu1mzy2IpzAKZxDAFdQgzuoQxMIjOAJXuDVe/bevHfvY9Fa8PKZY1iC9/kD/Zqe3w==</latexit>

Q̄1
<latexit sha1_base64="HC57QLlK/r8kpwEAnANs1/KhbPQ=">AAACGHicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHoxWMLtlXaUDbbSbt0d7PsboQQ8iu8if4Xb+LVm3/Fk9s2B9v6YODx3gwz80LJqDae9+2U1tY3NrfK25Wd3b39g+rhUUfHiSLQJjGL1UOINTAqoG2oYfAgFWAeMuiGk9up330CpWks7k0qIeB4JGhECTZWeuyHWGWtfOAPqjWv7s3grhK/IDVUoDmo/vSHMUk4CEMY1rrne9IEGVaGEgZ5pZ9okJhM8Ah6lgrMQQfZ7ODcPbPK0I1iZUsYd6b+ncgw1zrloe3k2Iz1sjcV//N6iYmug4wKmRgQZL4oSphrYnf6vTukCohhqSWYKGpvdckYK0yMzWhhSwSp4HLhj0yOU02Jzm1Y/nI0q6RzUfe9ut+6rDVuitjK6ASdonPkoyvUQHeoidqIII6e0St6c16cd+fD+Zy3lpxi5hgtwPn6BSbDoaQ=</latexit><latexit sha1_base64="HC57QLlK/r8kpwEAnANs1/KhbPQ=">AAACGHicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHoxWMLtlXaUDbbSbt0d7PsboQQ8iu8if4Xb+LVm3/Fk9s2B9v6YODx3gwz80LJqDae9+2U1tY3NrfK25Wd3b39g+rhUUfHiSLQJjGL1UOINTAqoG2oYfAgFWAeMuiGk9up330CpWks7k0qIeB4JGhECTZWeuyHWGWtfOAPqjWv7s3grhK/IDVUoDmo/vSHMUk4CEMY1rrne9IEGVaGEgZ5pZ9okJhM8Ah6lgrMQQfZ7ODcPbPK0I1iZUsYd6b+ncgw1zrloe3k2Iz1sjcV//N6iYmug4wKmRgQZL4oSphrYnf6vTukCohhqSWYKGpvdckYK0yMzWhhSwSp4HLhj0yOU02Jzm1Y/nI0q6RzUfe9ut+6rDVuitjK6ASdonPkoyvUQHeoidqIII6e0St6c16cd+fD+Zy3lpxi5hgtwPn6BSbDoaQ=</latexit><latexit sha1_base64="HC57QLlK/r8kpwEAnANs1/KhbPQ=">AAACGHicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHoxWMLtlXaUDbbSbt0d7PsboQQ8iu8if4Xb+LVm3/Fk9s2B9v6YODx3gwz80LJqDae9+2U1tY3NrfK25Wd3b39g+rhUUfHiSLQJjGL1UOINTAqoG2oYfAgFWAeMuiGk9up330CpWks7k0qIeB4JGhECTZWeuyHWGWtfOAPqjWv7s3grhK/IDVUoDmo/vSHMUk4CEMY1rrne9IEGVaGEgZ5pZ9okJhM8Ah6lgrMQQfZ7ODcPbPK0I1iZUsYd6b+ncgw1zrloe3k2Iz1sjcV//N6iYmug4wKmRgQZL4oSphrYnf6vTukCohhqSWYKGpvdckYK0yMzWhhSwSp4HLhj0yOU02Jzm1Y/nI0q6RzUfe9ut+6rDVuitjK6ASdonPkoyvUQHeoidqIII6e0St6c16cd+fD+Zy3lpxi5hgtwPn6BSbDoaQ=</latexit><latexit sha1_base64="HC57QLlK/r8kpwEAnANs1/KhbPQ=">AAACGHicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHoxWMLtlXaUDbbSbt0d7PsboQQ8iu8if4Xb+LVm3/Fk9s2B9v6YODx3gwz80LJqDae9+2U1tY3NrfK25Wd3b39g+rhUUfHiSLQJjGL1UOINTAqoG2oYfAgFWAeMuiGk9up330CpWks7k0qIeB4JGhECTZWeuyHWGWtfOAPqjWv7s3grhK/IDVUoDmo/vSHMUk4CEMY1rrne9IEGVaGEgZ5pZ9okJhM8Ah6lgrMQQfZ7ODcPbPK0I1iZUsYd6b+ncgw1zrloe3k2Iz1sjcV//N6iYmug4wKmRgQZL4oSphrYnf6vTukCohhqSWYKGpvdckYK0yMzWhhSwSp4HLhj0yOU02Jzm1Y/nI0q6RzUfe9ut+6rDVuitjK6ASdonPkoyvUQHeoidqIII6e0St6c16cd+fD+Zy3lpxi5hgtwPn6BSbDoaQ=</latexit>

𝑇
HIGH LOW⇤QCD0

<latexit sha1_base64="BhXXocQJR6/coyBPlTr71ld1TMY=">AAACKHicbVDLSsNAFJ34rPUVdeHCTbCIrkoigi6LdeHCRQv2AU0Ik+mkHTozCTMTIYR8jTvRf3En3foZrpy0WdjWAxcO59zLvfcEMSVS2fbUWFvf2NzaruxUd/f2Dw7No+OujBKBcAdFNBL9AEpMCccdRRTF/VhgyAKKe8GkWfi9FywkifizSmPsMTjiJCQIKi355qn7pJuH0M9cBtVYsKzdfMgvc9+s2XV7BmuVOCWpgRIt3/xxhxFKGOYKUSjlwLFj5WVQKIIozqtuInEM0QSO8EBTDhmWXjZ7ILcutDK0wkjo4sqaqX8nMsikTFmgO4sr5bJXiP95g0SFd15GeJwozNF8UZhQS0VWkYY1JAIjRVNNIBJE32qhMRQQKZ3ZwpYQp5zFC39k8TiVBMkiLGc5mlXSva47dt1p39Qa92VsFXAGzsEVcMAtaIBH0AIdgEAOXsE7+DDejE/jy5jOW9eMcuYELMD4/gUHTKfH</latexit><latexit sha1_base64="BhXXocQJR6/coyBPlTr71ld1TMY=">AAACKHicbVDLSsNAFJ34rPUVdeHCTbCIrkoigi6LdeHCRQv2AU0Ik+mkHTozCTMTIYR8jTvRf3En3foZrpy0WdjWAxcO59zLvfcEMSVS2fbUWFvf2NzaruxUd/f2Dw7No+OujBKBcAdFNBL9AEpMCccdRRTF/VhgyAKKe8GkWfi9FywkifizSmPsMTjiJCQIKi355qn7pJuH0M9cBtVYsKzdfMgvc9+s2XV7BmuVOCWpgRIt3/xxhxFKGOYKUSjlwLFj5WVQKIIozqtuInEM0QSO8EBTDhmWXjZ7ILcutDK0wkjo4sqaqX8nMsikTFmgO4sr5bJXiP95g0SFd15GeJwozNF8UZhQS0VWkYY1JAIjRVNNIBJE32qhMRQQKZ3ZwpYQp5zFC39k8TiVBMkiLGc5mlXSva47dt1p39Qa92VsFXAGzsEVcMAtaIBH0AIdgEAOXsE7+DDejE/jy5jOW9eMcuYELMD4/gUHTKfH</latexit><latexit sha1_base64="BhXXocQJR6/coyBPlTr71ld1TMY=">AAACKHicbVDLSsNAFJ34rPUVdeHCTbCIrkoigi6LdeHCRQv2AU0Ik+mkHTozCTMTIYR8jTvRf3En3foZrpy0WdjWAxcO59zLvfcEMSVS2fbUWFvf2NzaruxUd/f2Dw7No+OujBKBcAdFNBL9AEpMCccdRRTF/VhgyAKKe8GkWfi9FywkifizSmPsMTjiJCQIKi355qn7pJuH0M9cBtVYsKzdfMgvc9+s2XV7BmuVOCWpgRIt3/xxhxFKGOYKUSjlwLFj5WVQKIIozqtuInEM0QSO8EBTDhmWXjZ7ILcutDK0wkjo4sqaqX8nMsikTFmgO4sr5bJXiP95g0SFd15GeJwozNF8UZhQS0VWkYY1JAIjRVNNIBJE32qhMRQQKZ3ZwpYQp5zFC39k8TiVBMkiLGc5mlXSva47dt1p39Qa92VsFXAGzsEVcMAtaIBH0AIdgEAOXsE7+DDejE/jy5jOW9eMcuYELMD4/gUHTKfH</latexit><latexit sha1_base64="BhXXocQJR6/coyBPlTr71ld1TMY=">AAACKHicbVDLSsNAFJ34rPUVdeHCTbCIrkoigi6LdeHCRQv2AU0Ik+mkHTozCTMTIYR8jTvRf3En3foZrpy0WdjWAxcO59zLvfcEMSVS2fbUWFvf2NzaruxUd/f2Dw7No+OujBKBcAdFNBL9AEpMCccdRRTF/VhgyAKKe8GkWfi9FywkifizSmPsMTjiJCQIKi355qn7pJuH0M9cBtVYsKzdfMgvc9+s2XV7BmuVOCWpgRIt3/xxhxFKGOYKUSjlwLFj5WVQKIIozqtuInEM0QSO8EBTDhmWXjZ7ILcutDK0wkjo4sqaqX8nMsikTFmgO4sr5bJXiP95g0SFd15GeJwozNF8UZhQS0VWkYY1JAIjRVNNIBJE32qhMRQQKZ3ZwpYQp5zFC39k8TiVBMkiLGc5mlXSva47dt1p39Qa92VsFXAGzsEVcMAtaIBH0AIdgEAOXsE7+DDejE/jy5jOW9eMcuYELMD4/gUHTKfH</latexit>

p0
<latexit sha1_base64="04Sf22D2EP9kjxM6kTaY3iXbATY=">AAACEXicbVDLSgMxFM34rPVVdekmWERXZUYEXRbduKxiH9CWkknvtKFJJiQZYRj6B+5E/8WduPUL/BVXpu0sbOuBC4dz7uXee0LFmbG+/+2trK6tb2wWtorbO7t7+6WDw4aJE02hTmMe61ZIDHAmoW6Z5dBSGogIOTTD0e3Ebz6BNiyWjzZV0BVkIFnEKLFOelBnvVLZr/hT4GUS5KSMctR6pZ9OP6aJAGkpJ8a0A1/Zbka0ZZTDuNhJDChCR2QAbUclEWC62fTSMT51Sh9HsXYlLZ6qfycyIoxJReg6BbFDs+hNxP+8dmKj627GpEosSDpbFCUc2xhP3sZ9poFanjpCqGbuVkyHRBNqXThzWyJIpVBzf2RqmBpGzdiFFSxGs0waF5XArwT3l+XqTR5bAR2jE3SOAnSFqugO1VAdURShZ/SK3rwX79378D5nrStePnOE5uB9/QJcQ56L</latexit><latexit sha1_base64="04Sf22D2EP9kjxM6kTaY3iXbATY=">AAACEXicbVDLSgMxFM34rPVVdekmWERXZUYEXRbduKxiH9CWkknvtKFJJiQZYRj6B+5E/8WduPUL/BVXpu0sbOuBC4dz7uXee0LFmbG+/+2trK6tb2wWtorbO7t7+6WDw4aJE02hTmMe61ZIDHAmoW6Z5dBSGogIOTTD0e3Ebz6BNiyWjzZV0BVkIFnEKLFOelBnvVLZr/hT4GUS5KSMctR6pZ9OP6aJAGkpJ8a0A1/Zbka0ZZTDuNhJDChCR2QAbUclEWC62fTSMT51Sh9HsXYlLZ6qfycyIoxJReg6BbFDs+hNxP+8dmKj627GpEosSDpbFCUc2xhP3sZ9poFanjpCqGbuVkyHRBNqXThzWyJIpVBzf2RqmBpGzdiFFSxGs0waF5XArwT3l+XqTR5bAR2jE3SOAnSFqugO1VAdURShZ/SK3rwX79378D5nrStePnOE5uB9/QJcQ56L</latexit><latexit sha1_base64="04Sf22D2EP9kjxM6kTaY3iXbATY=">AAACEXicbVDLSgMxFM34rPVVdekmWERXZUYEXRbduKxiH9CWkknvtKFJJiQZYRj6B+5E/8WduPUL/BVXpu0sbOuBC4dz7uXee0LFmbG+/+2trK6tb2wWtorbO7t7+6WDw4aJE02hTmMe61ZIDHAmoW6Z5dBSGogIOTTD0e3Ebz6BNiyWjzZV0BVkIFnEKLFOelBnvVLZr/hT4GUS5KSMctR6pZ9OP6aJAGkpJ8a0A1/Zbka0ZZTDuNhJDChCR2QAbUclEWC62fTSMT51Sh9HsXYlLZ6qfycyIoxJReg6BbFDs+hNxP+8dmKj627GpEosSDpbFCUc2xhP3sZ9poFanjpCqGbuVkyHRBNqXThzWyJIpVBzf2RqmBpGzdiFFSxGs0waF5XArwT3l+XqTR5bAR2jE3SOAnSFqugO1VAdURShZ/SK3rwX79378D5nrStePnOE5uB9/QJcQ56L</latexit><latexit sha1_base64="04Sf22D2EP9kjxM6kTaY3iXbATY=">AAACEXicbVDLSgMxFM34rPVVdekmWERXZUYEXRbduKxiH9CWkknvtKFJJiQZYRj6B+5E/8WduPUL/BVXpu0sbOuBC4dz7uXee0LFmbG+/+2trK6tb2wWtorbO7t7+6WDw4aJE02hTmMe61ZIDHAmoW6Z5dBSGogIOTTD0e3Ebz6BNiyWjzZV0BVkIFnEKLFOelBnvVLZr/hT4GUS5KSMctR6pZ9OP6aJAGkpJ8a0A1/Zbka0ZZTDuNhJDChCR2QAbUclEWC62fTSMT51Sh9HsXYlLZ6qfycyIoxJReg6BbFDs+hNxP+8dmKj627GpEosSDpbFCUc2xhP3sZ9poFanjpCqGbuVkyHRBNqXThzWyJIpVBzf2RqmBpGzdiFFSxGs0waF5XArwT3l+XqTR5bAR2jE3SOAnSFqugO1VAdURShZ/SK3rwX79378D5nrStePnOE5uB9/QJcQ56L</latexit>

n0
<latexit sha1_base64="yIf3/dK3ZZuzSOjIhj5YDLswzgU=">AAACEXicbVDLSgMxFM34rPVVdekmWERXZUYEXRbduKxiH9CWkknvtKFJJiQZYRj6B+5E/8WduPUL/BVXpu0sbOuBC4dz7uXee0LFmbG+/+2trK6tb2wWtorbO7t7+6WDw4aJE02hTmMe61ZIDHAmoW6Z5dBSGogIOTTD0e3Ebz6BNiyWjzZV0BVkIFnEKLFOepBnvVLZr/hT4GUS5KSMctR6pZ9OP6aJAGkpJ8a0A1/Zbka0ZZTDuNhJDChCR2QAbUclEWC62fTSMT51Sh9HsXYlLZ6qfycyIoxJReg6BbFDs+hNxP+8dmKj627GpEosSDpbFCUc2xhP3sZ9poFanjpCqGbuVkyHRBNqXThzWyJIpVBzf2RqmBpGzdiFFSxGs0waF5XArwT3l+XqTR5bAR2jE3SOAnSFqugO1VAdURShZ/SK3rwX79378D5nrStePnOE5uB9/QJY6Z6J</latexit><latexit sha1_base64="yIf3/dK3ZZuzSOjIhj5YDLswzgU=">AAACEXicbVDLSgMxFM34rPVVdekmWERXZUYEXRbduKxiH9CWkknvtKFJJiQZYRj6B+5E/8WduPUL/BVXpu0sbOuBC4dz7uXee0LFmbG+/+2trK6tb2wWtorbO7t7+6WDw4aJE02hTmMe61ZIDHAmoW6Z5dBSGogIOTTD0e3Ebz6BNiyWjzZV0BVkIFnEKLFOepBnvVLZr/hT4GUS5KSMctR6pZ9OP6aJAGkpJ8a0A1/Zbka0ZZTDuNhJDChCR2QAbUclEWC62fTSMT51Sh9HsXYlLZ6qfycyIoxJReg6BbFDs+hNxP+8dmKj627GpEosSDpbFCUc2xhP3sZ9poFanjpCqGbuVkyHRBNqXThzWyJIpVBzf2RqmBpGzdiFFSxGs0waF5XArwT3l+XqTR5bAR2jE3SOAnSFqugO1VAdURShZ/SK3rwX79378D5nrStePnOE5uB9/QJY6Z6J</latexit><latexit sha1_base64="yIf3/dK3ZZuzSOjIhj5YDLswzgU=">AAACEXicbVDLSgMxFM34rPVVdekmWERXZUYEXRbduKxiH9CWkknvtKFJJiQZYRj6B+5E/8WduPUL/BVXpu0sbOuBC4dz7uXee0LFmbG+/+2trK6tb2wWtorbO7t7+6WDw4aJE02hTmMe61ZIDHAmoW6Z5dBSGogIOTTD0e3Ebz6BNiyWjzZV0BVkIFnEKLFOepBnvVLZr/hT4GUS5KSMctR6pZ9OP6aJAGkpJ8a0A1/Zbka0ZZTDuNhJDChCR2QAbUclEWC62fTSMT51Sh9HsXYlLZ6qfycyIoxJReg6BbFDs+hNxP+8dmKj627GpEosSDpbFCUc2xhP3sZ9poFanjpCqGbuVkyHRBNqXThzWyJIpVBzf2RqmBpGzdiFFSxGs0waF5XArwT3l+XqTR5bAR2jE3SOAnSFqugO1VAdURShZ/SK3rwX79378D5nrStePnOE5uB9/QJY6Z6J</latexit><latexit sha1_base64="yIf3/dK3ZZuzSOjIhj5YDLswzgU=">AAACEXicbVDLSgMxFM34rPVVdekmWERXZUYEXRbduKxiH9CWkknvtKFJJiQZYRj6B+5E/8WduPUL/BVXpu0sbOuBC4dz7uXee0LFmbG+/+2trK6tb2wWtorbO7t7+6WDw4aJE02hTmMe61ZIDHAmoW6Z5dBSGogIOTTD0e3Ebz6BNiyWjzZV0BVkIFnEKLFOepBnvVLZr/hT4GUS5KSMctR6pZ9OP6aJAGkpJ8a0A1/Zbka0ZZTDuNhJDChCR2QAbUclEWC62fTSMT51Sh9HsXYlLZ6qfycyIoxJReg6BbFDs+hNxP+8dmKj627GpEosSDpbFCUc2xhP3sZ9poFanjpCqGbuVkyHRBNqXThzWyJIpVBzf2RqmBpGzdiFFSxGs0waF5XArwT3l+XqTR5bAR2jE3SOAnSFqugO1VAdURShZ/SK3rwX79378D5nrStePnOE5uB9/QJY6Z6J</latexit>

⇡0+
<latexit sha1_base64="VNnCvSqMp5kmFbUeGyumbLHj/T4=">AAACFXicbVBNSwMxEJ2tX7V+VT16WSyiIJRdEfRY9OKxgv2Adi3ZNNtGk2xIssKy9D94E/0v3sSrZ/+KJ9N2D7b1wcDjvRlm5oWSUW0879spLC2vrK4V10sbm1vbO+XdvaaOE4VJA8csVu0QacKoIA1DDSNtqQjiISOt8PF67LeeiNI0FncmlSTgaCBoRDEyVmp2JT2+P+2VK17Vm8BdJH5OKpCj3iv/dPsxTjgRBjOkdcf3pAkypAzFjIxK3UQTifAjGpCOpQJxooNscu3IPbJK341iZUsYd6L+ncgQ1zrloe3kyAz1vDcW//M6iYkug4wKmRgi8HRRlDDXxO74dbdPFcGGpZYgrKi91cVDpBA2NqCZLRFJBZczf2RymGqK9ciG5c9Hs0iaZ1Xfq/q355XaVR5bEQ7gEE7AhwuowQ3UoQEYHuAZXuHNeXHenQ/nc9pacPKZfZiB8/ULJB+gAQ==</latexit><latexit sha1_base64="VNnCvSqMp5kmFbUeGyumbLHj/T4=">AAACFXicbVBNSwMxEJ2tX7V+VT16WSyiIJRdEfRY9OKxgv2Adi3ZNNtGk2xIssKy9D94E/0v3sSrZ/+KJ9N2D7b1wcDjvRlm5oWSUW0879spLC2vrK4V10sbm1vbO+XdvaaOE4VJA8csVu0QacKoIA1DDSNtqQjiISOt8PF67LeeiNI0FncmlSTgaCBoRDEyVmp2JT2+P+2VK17Vm8BdJH5OKpCj3iv/dPsxTjgRBjOkdcf3pAkypAzFjIxK3UQTifAjGpCOpQJxooNscu3IPbJK341iZUsYd6L+ncgQ1zrloe3kyAz1vDcW//M6iYkug4wKmRgi8HRRlDDXxO74dbdPFcGGpZYgrKi91cVDpBA2NqCZLRFJBZczf2RymGqK9ciG5c9Hs0iaZ1Xfq/q355XaVR5bEQ7gEE7AhwuowQ3UoQEYHuAZXuHNeXHenQ/nc9pacPKZfZiB8/ULJB+gAQ==</latexit><latexit sha1_base64="VNnCvSqMp5kmFbUeGyumbLHj/T4=">AAACFXicbVBNSwMxEJ2tX7V+VT16WSyiIJRdEfRY9OKxgv2Adi3ZNNtGk2xIssKy9D94E/0v3sSrZ/+KJ9N2D7b1wcDjvRlm5oWSUW0879spLC2vrK4V10sbm1vbO+XdvaaOE4VJA8csVu0QacKoIA1DDSNtqQjiISOt8PF67LeeiNI0FncmlSTgaCBoRDEyVmp2JT2+P+2VK17Vm8BdJH5OKpCj3iv/dPsxTjgRBjOkdcf3pAkypAzFjIxK3UQTifAjGpCOpQJxooNscu3IPbJK341iZUsYd6L+ncgQ1zrloe3kyAz1vDcW//M6iYkug4wKmRgi8HRRlDDXxO74dbdPFcGGpZYgrKi91cVDpBA2NqCZLRFJBZczf2RymGqK9ciG5c9Hs0iaZ1Xfq/q355XaVR5bEQ7gEE7AhwuowQ3UoQEYHuAZXuHNeXHenQ/nc9pacPKZfZiB8/ULJB+gAQ==</latexit><latexit sha1_base64="VNnCvSqMp5kmFbUeGyumbLHj/T4=">AAACFXicbVBNSwMxEJ2tX7V+VT16WSyiIJRdEfRY9OKxgv2Adi3ZNNtGk2xIssKy9D94E/0v3sSrZ/+KJ9N2D7b1wcDjvRlm5oWSUW0879spLC2vrK4V10sbm1vbO+XdvaaOE4VJA8csVu0QacKoIA1DDSNtqQjiISOt8PF67LeeiNI0FncmlSTgaCBoRDEyVmp2JT2+P+2VK17Vm8BdJH5OKpCj3iv/dPsxTjgRBjOkdcf3pAkypAzFjIxK3UQTifAjGpCOpQJxooNscu3IPbJK341iZUsYd6L+ncgQ1zrloe3kyAz1vDcW//M6iYkug4wKmRgi8HRRlDDXxO74dbdPFcGGpZYgrKi91cVDpBA2NqCZLRFJBZczf2RymGqK9ciG5c9Hs0iaZ1Xfq/q355XaVR5bEQ7gEE7AhwuowQ3UoQEYHuAZXuHNeXHenQ/nc9pacPKZfZiB8/ULJB+gAQ==</latexit>⇡0�

<latexit sha1_base64="M6/sGm8PAGp0aOmcP0PeQVOlC00=">AAACFXicbVA9SwNBEJ2LXzF+RS1tDoNoY7gTQcugjWUE8wHJGfY2e8nq7t6yuyccR/6Dneh/sRNba/+KlZvkCpP4YODx3gwz80LJqDae9+0UlpZXVteK66WNza3tnfLuXlPHicKkgWMWq3aINGFUkIahhpG2VATxkJFW+Hg99ltPRGkaizuTShJwNBA0ohgZKzW7kh7fn/bKFa/qTeAuEj8nFchR75V/uv0YJ5wIgxnSuuN70gQZUoZiRkalbqKJRPgRDUjHUoE40UE2uXbkHlml70axsiWMO1H/TmSIa53y0HZyZIZ63huL/3mdxESXQUaFTAwReLooSphrYnf8utunimDDUksQVtTe6uIhUggbG9DMloikgsuZPzI5TDXFemTD8uejWSTNs6rvVf3b80rtKo+tCAdwCCfgwwXU4Abq0AAMD/AMr/DmvDjvzofzOW0tOPnMPszA+foFJ3egAw==</latexit><latexit sha1_base64="M6/sGm8PAGp0aOmcP0PeQVOlC00=">AAACFXicbVA9SwNBEJ2LXzF+RS1tDoNoY7gTQcugjWUE8wHJGfY2e8nq7t6yuyccR/6Dneh/sRNba/+KlZvkCpP4YODx3gwz80LJqDae9+0UlpZXVteK66WNza3tnfLuXlPHicKkgWMWq3aINGFUkIahhpG2VATxkJFW+Hg99ltPRGkaizuTShJwNBA0ohgZKzW7kh7fn/bKFa/qTeAuEj8nFchR75V/uv0YJ5wIgxnSuuN70gQZUoZiRkalbqKJRPgRDUjHUoE40UE2uXbkHlml70axsiWMO1H/TmSIa53y0HZyZIZ63huL/3mdxESXQUaFTAwReLooSphrYnf8utunimDDUksQVtTe6uIhUggbG9DMloikgsuZPzI5TDXFemTD8uejWSTNs6rvVf3b80rtKo+tCAdwCCfgwwXU4Abq0AAMD/AMr/DmvDjvzofzOW0tOPnMPszA+foFJ3egAw==</latexit><latexit sha1_base64="M6/sGm8PAGp0aOmcP0PeQVOlC00=">AAACFXicbVA9SwNBEJ2LXzF+RS1tDoNoY7gTQcugjWUE8wHJGfY2e8nq7t6yuyccR/6Dneh/sRNba/+KlZvkCpP4YODx3gwz80LJqDae9+0UlpZXVteK66WNza3tnfLuXlPHicKkgWMWq3aINGFUkIahhpG2VATxkJFW+Hg99ltPRGkaizuTShJwNBA0ohgZKzW7kh7fn/bKFa/qTeAuEj8nFchR75V/uv0YJ5wIgxnSuuN70gQZUoZiRkalbqKJRPgRDUjHUoE40UE2uXbkHlml70axsiWMO1H/TmSIa53y0HZyZIZ63huL/3mdxESXQUaFTAwReLooSphrYnf8utunimDDUksQVtTe6uIhUggbG9DMloikgsuZPzI5TDXFemTD8uejWSTNs6rvVf3b80rtKo+tCAdwCCfgwwXU4Abq0AAMD/AMr/DmvDjvzofzOW0tOPnMPszA+foFJ3egAw==</latexit><latexit sha1_base64="M6/sGm8PAGp0aOmcP0PeQVOlC00=">AAACFXicbVA9SwNBEJ2LXzF+RS1tDoNoY7gTQcugjWUE8wHJGfY2e8nq7t6yuyccR/6Dneh/sRNba/+KlZvkCpP4YODx3gwz80LJqDae9+0UlpZXVteK66WNza3tnfLuXlPHicKkgWMWq3aINGFUkIahhpG2VATxkJFW+Hg99ltPRGkaizuTShJwNBA0ohgZKzW7kh7fn/bKFa/qTeAuEj8nFchR75V/uv0YJ5wIgxnSuuN70gQZUoZiRkalbqKJRPgRDUjHUoE40UE2uXbkHlml70axsiWMO1H/TmSIa53y0HZyZIZ63huL/3mdxESXQUaFTAwReLooSphrYnf8utunimDDUksQVtTe6uIhUggbG9DMloikgsuZPzI5TDXFemTD8uejWSTNs6rvVf3b80rtKo+tCAdwCCfgwwXU4Abq0AAMD/AMr/DmvDjvzofzOW0tOPnMPszA+foFJ3egAw==</latexit>

⇡00
<latexit sha1_base64="UL9H6m8mIQtqqqeSDJanUXPAr4A=">AAACFXicbVA9SwNBEN2LXzF+RS1tFoNoFe5E0DJoYxnBfEByhr3NXLJmb2/Z3ROOI//BTvS/2ImttX/Fyk1yhUl8MPB4b4aZeYHkTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKnjRFFo0JjHqh0QDZwJaBhmOLSlAhIFHFrB6Gbit55AaRaLe5NK8CMyECxklBgrNbuSnT64vXLFrbpT4GXi5aSCctR75Z9uP6ZJBMJQTrTueK40fkaUYZTDuNRNNEhCR2QAHUsFiUD72fTaMT6xSh+HsbIlDJ6qfycyEmmdRoHtjIgZ6kVvIv7ndRITXvkZEzIxIOhsUZhwbGI8eR33mQJqeGoJoYrZWzEdEkWosQHNbQkhFZGc+yOTw1Qzqsc2LG8xmmXSPK96btW7u6jUrvPYiugIHaMz5KFLVEO3qI4aiKJH9Ixe0Zvz4rw7H87nrLXg5DOHaA7O1y8se6AG</latexit><latexit sha1_base64="UL9H6m8mIQtqqqeSDJanUXPAr4A=">AAACFXicbVA9SwNBEN2LXzF+RS1tFoNoFe5E0DJoYxnBfEByhr3NXLJmb2/Z3ROOI//BTvS/2ImttX/Fyk1yhUl8MPB4b4aZeYHkTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKnjRFFo0JjHqh0QDZwJaBhmOLSlAhIFHFrB6Gbit55AaRaLe5NK8CMyECxklBgrNbuSnT64vXLFrbpT4GXi5aSCctR75Z9uP6ZJBMJQTrTueK40fkaUYZTDuNRNNEhCR2QAHUsFiUD72fTaMT6xSh+HsbIlDJ6qfycyEmmdRoHtjIgZ6kVvIv7ndRITXvkZEzIxIOhsUZhwbGI8eR33mQJqeGoJoYrZWzEdEkWosQHNbQkhFZGc+yOTw1Qzqsc2LG8xmmXSPK96btW7u6jUrvPYiugIHaMz5KFLVEO3qI4aiKJH9Ixe0Zvz4rw7H87nrLXg5DOHaA7O1y8se6AG</latexit><latexit sha1_base64="UL9H6m8mIQtqqqeSDJanUXPAr4A=">AAACFXicbVA9SwNBEN2LXzF+RS1tFoNoFe5E0DJoYxnBfEByhr3NXLJmb2/Z3ROOI//BTvS/2ImttX/Fyk1yhUl8MPB4b4aZeYHkTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKnjRFFo0JjHqh0QDZwJaBhmOLSlAhIFHFrB6Gbit55AaRaLe5NK8CMyECxklBgrNbuSnT64vXLFrbpT4GXi5aSCctR75Z9uP6ZJBMJQTrTueK40fkaUYZTDuNRNNEhCR2QAHUsFiUD72fTaMT6xSh+HsbIlDJ6qfycyEmmdRoHtjIgZ6kVvIv7ndRITXvkZEzIxIOhsUZhwbGI8eR33mQJqeGoJoYrZWzEdEkWosQHNbQkhFZGc+yOTw1Qzqsc2LG8xmmXSPK96btW7u6jUrvPYiugIHaMz5KFLVEO3qI4aiKJH9Ixe0Zvz4rw7H87nrLXg5DOHaA7O1y8se6AG</latexit><latexit sha1_base64="UL9H6m8mIQtqqqeSDJanUXPAr4A=">AAACFXicbVA9SwNBEN2LXzF+RS1tFoNoFe5E0DJoYxnBfEByhr3NXLJmb2/Z3ROOI//BTvS/2ImttX/Fyk1yhUl8MPB4b4aZeYHkTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKnjRFFo0JjHqh0QDZwJaBhmOLSlAhIFHFrB6Gbit55AaRaLe5NK8CMyECxklBgrNbuSnT64vXLFrbpT4GXi5aSCctR75Z9uP6ZJBMJQTrTueK40fkaUYZTDuNRNNEhCR2QAHUsFiUD72fTaMT6xSh+HsbIlDJ6qfycyEmmdRoHtjIgZ6kVvIv7ndRITXvkZEzIxIOhsUZhwbGI8eR33mQJqeGoJoYrZWzEdEkWosQHNbQkhFZGc+yOTw1Qzqsc2LG8xmmXSPK96btW7u6jUrvPYiugIHaMz5KFLVEO3qI4aiKJH9Ixe0Zvz4rw7H87nrLXg5DOHaA7O1y8se6AG</latexit>

Confinement

Cosmology

DM

Extra Component

Berkeley Week
15, jan., 2020



Entropy transportation through Dark photon
Dark pions annihilate or decay into dark photon 𝛾J

⇡00 ! 2�0
<latexit sha1_base64="pmHrnNwx5Nhp+mq9apws8V0tYZk=">AAAB+3icbVBNSwMxEM36WevXWo9egkXqqewWQY9FLx4r2A/ormU2zbahSXZJsmIp/StePCji1T/izX9j2u5BWx8MPN6bYWZelHKmjed9O2vrG5tb24Wd4u7e/sGhe1Rq6SRThDZJwhPViUBTziRtGmY47aSKgog4bUejm5nffqRKs0Tem3FKQwEDyWJGwFip55aClFUevMAkuBYMQAio9NyyV/XmwKvEz0kZ5Wj03K+gn5BMUGkIB627vpeacALKMMLptBhkmqZARjCgXUslCKrDyfz2KT6zSh/HibIlDZ6rvycmILQei8h2CjBDvezNxP+8bmbiq3DCZJoZKsliUZxxbD+dBYH7TFFi+NgSIIrZWzEZggJibFxFG4K//PIqadWqvlf17y7K9es8jgI6QafoHPnoEtXRLWqgJiLoCT2jV/TmTJ0X5935WLSuOfnMMfoD5/MHajSTYA==</latexit><latexit sha1_base64="pmHrnNwx5Nhp+mq9apws8V0tYZk=">AAAB+3icbVBNSwMxEM36WevXWo9egkXqqewWQY9FLx4r2A/ormU2zbahSXZJsmIp/StePCji1T/izX9j2u5BWx8MPN6bYWZelHKmjed9O2vrG5tb24Wd4u7e/sGhe1Rq6SRThDZJwhPViUBTziRtGmY47aSKgog4bUejm5nffqRKs0Tem3FKQwEDyWJGwFip55aClFUevMAkuBYMQAio9NyyV/XmwKvEz0kZ5Wj03K+gn5BMUGkIB627vpeacALKMMLptBhkmqZARjCgXUslCKrDyfz2KT6zSh/HibIlDZ6rvycmILQei8h2CjBDvezNxP+8bmbiq3DCZJoZKsliUZxxbD+dBYH7TFFi+NgSIIrZWzEZggJibFxFG4K//PIqadWqvlf17y7K9es8jgI6QafoHPnoEtXRLWqgJiLoCT2jV/TmTJ0X5935WLSuOfnMMfoD5/MHajSTYA==</latexit><latexit sha1_base64="pmHrnNwx5Nhp+mq9apws8V0tYZk=">AAAB+3icbVBNSwMxEM36WevXWo9egkXqqewWQY9FLx4r2A/ormU2zbahSXZJsmIp/StePCji1T/izX9j2u5BWx8MPN6bYWZelHKmjed9O2vrG5tb24Wd4u7e/sGhe1Rq6SRThDZJwhPViUBTziRtGmY47aSKgog4bUejm5nffqRKs0Tem3FKQwEDyWJGwFip55aClFUevMAkuBYMQAio9NyyV/XmwKvEz0kZ5Wj03K+gn5BMUGkIB627vpeacALKMMLptBhkmqZARjCgXUslCKrDyfz2KT6zSh/HibIlDZ6rvycmILQei8h2CjBDvezNxP+8bmbiq3DCZJoZKsliUZxxbD+dBYH7TFFi+NgSIIrZWzEZggJibFxFG4K//PIqadWqvlf17y7K9es8jgI6QafoHPnoEtXRLWqgJiLoCT2jV/TmTJ0X5935WLSuOfnMMfoD5/MHajSTYA==</latexit><latexit sha1_base64="pmHrnNwx5Nhp+mq9apws8V0tYZk=">AAAB+3icbVBNSwMxEM36WevXWo9egkXqqewWQY9FLx4r2A/ormU2zbahSXZJsmIp/StePCji1T/izX9j2u5BWx8MPN6bYWZelHKmjed9O2vrG5tb24Wd4u7e/sGhe1Rq6SRThDZJwhPViUBTziRtGmY47aSKgog4bUejm5nffqRKs0Tem3FKQwEDyWJGwFip55aClFUevMAkuBYMQAio9NyyV/XmwKvEz0kZ5Wj03K+gn5BMUGkIB627vpeacALKMMLptBhkmqZARjCgXUslCKrDyfz2KT6zSh/HibIlDZ6rvycmILQei8h2CjBDvezNxP+8bmbiq3DCZJoZKsliUZxxbD+dBYH7TFFi+NgSIIrZWzEZggJibFxFG4K//PIqadWqvlf17y7K9es8jgI6QafoHPnoEtXRLWqgJiLoCT2jV/TmTJ0X5935WLSuOfnMMfoD5/MHajSTYA==</latexit>

𝛾J can decay into electron pair through kinetic mixing

⇡�⇡+ ! 2�0
<latexit sha1_base64="R0IWGmwtBKQkpKbI6Ur2ss5CifM=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiCmJJiqDLohuXFewDmlgm00k7dCYJMxOh1C78FTcuFHHrb7jzb5zULLT1wAyHc+7l3nuChDOlHefLKiwsLi2vFFdLa+sbm1v29k5TxakktEFiHst2gBXlLKINzTSn7URSLAJOW8HwKvNb91QqFke3epRQX+B+xEJGsDZS197zEnZ3mn0nno5R1etjIfBR1y47FWcKNE/cnJQhR71rf3q9mKSCRppwrFTHdRLtj7HUjHA6KXmpogkmQ9ynHUMjLKjyx9P9J+jQKD0UxtK8SKOp+rtjjIVSIxGYSoH1QM16mfif10l1eOGPWZSkmkbkZ1CYcmQuzcJAPSYp0XxkCCaSmV0RGWCJiTaRlUwI7uzJ86RZrbhOxb05K9cu8ziKsA8HcAwunEMNrqEODSDwAE/wAq/Wo/VsvVnvP6UFK+/ZhT+wPr4BgW6VHA==</latexit><latexit sha1_base64="R0IWGmwtBKQkpKbI6Ur2ss5CifM=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiCmJJiqDLohuXFewDmlgm00k7dCYJMxOh1C78FTcuFHHrb7jzb5zULLT1wAyHc+7l3nuChDOlHefLKiwsLi2vFFdLa+sbm1v29k5TxakktEFiHst2gBXlLKINzTSn7URSLAJOW8HwKvNb91QqFke3epRQX+B+xEJGsDZS197zEnZ3mn0nno5R1etjIfBR1y47FWcKNE/cnJQhR71rf3q9mKSCRppwrFTHdRLtj7HUjHA6KXmpogkmQ9ynHUMjLKjyx9P9J+jQKD0UxtK8SKOp+rtjjIVSIxGYSoH1QM16mfif10l1eOGPWZSkmkbkZ1CYcmQuzcJAPSYp0XxkCCaSmV0RGWCJiTaRlUwI7uzJ86RZrbhOxb05K9cu8ziKsA8HcAwunEMNrqEODSDwAE/wAq/Wo/VsvVnvP6UFK+/ZhT+wPr4BgW6VHA==</latexit><latexit sha1_base64="R0IWGmwtBKQkpKbI6Ur2ss5CifM=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiCmJJiqDLohuXFewDmlgm00k7dCYJMxOh1C78FTcuFHHrb7jzb5zULLT1wAyHc+7l3nuChDOlHefLKiwsLi2vFFdLa+sbm1v29k5TxakktEFiHst2gBXlLKINzTSn7URSLAJOW8HwKvNb91QqFke3epRQX+B+xEJGsDZS197zEnZ3mn0nno5R1etjIfBR1y47FWcKNE/cnJQhR71rf3q9mKSCRppwrFTHdRLtj7HUjHA6KXmpogkmQ9ynHUMjLKjyx9P9J+jQKD0UxtK8SKOp+rtjjIVSIxGYSoH1QM16mfif10l1eOGPWZSkmkbkZ1CYcmQuzcJAPSYp0XxkCCaSmV0RGWCJiTaRlUwI7uzJ86RZrbhOxb05K9cu8ziKsA8HcAwunEMNrqEODSDwAE/wAq/Wo/VsvVnvP6UFK+/ZhT+wPr4BgW6VHA==</latexit><latexit sha1_base64="R0IWGmwtBKQkpKbI6Ur2ss5CifM=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiCmJJiqDLohuXFewDmlgm00k7dCYJMxOh1C78FTcuFHHrb7jzb5zULLT1wAyHc+7l3nuChDOlHefLKiwsLi2vFFdLa+sbm1v29k5TxakktEFiHst2gBXlLKINzTSn7URSLAJOW8HwKvNb91QqFke3epRQX+B+xEJGsDZS197zEnZ3mn0nno5R1etjIfBR1y47FWcKNE/cnJQhR71rf3q9mKSCRppwrFTHdRLtj7HUjHA6KXmpogkmQ9ynHUMjLKjyx9P9J+jQKD0UxtK8SKOp+rtjjIVSIxGYSoH1QM16mfif10l1eOGPWZSkmkbkZ1CYcmQuzcJAPSYp0XxkCCaSmV0RGWCJiTaRlUwI7uzJ86RZrbhOxb05K9cu8ziKsA8HcAwunEMNrqEODSDwAE/wAq/Wo/VsvVnvP6UFK+/ZhT+wPr4BgW6VHA==</latexit>

LA0�A =
✏

2
Fµ⌫F

0µ⌫ +
1

2
m2

�0A0
µA

0µ
<latexit sha1_base64="9epso/IEX1smqASe5GTr/nS82+w="></latexit><latexit sha1_base64="9epso/IEX1smqASe5GTr/nS82+w="></latexit><latexit sha1_base64="9epso/IEX1smqASe5GTr/nS82+w="></latexit><latexit sha1_base64="9epso/IEX1smqASe5GTr/nS82+w="></latexit>

Kinetic mixing term

�
�0

e+

e�

Nch : number of decay channels
<latexit sha1_base64="AVC5EbqJBGdwmEHNic8l8tFmVAY="></latexit><latexit sha1_base64="AVC5EbqJBGdwmEHNic8l8tFmVAY="></latexit><latexit sha1_base64="AVC5EbqJBGdwmEHNic8l8tFmVAY="></latexit><latexit sha1_base64="AVC5EbqJBGdwmEHNic8l8tFmVAY="></latexit>

��0 = Nch
1

3
✏2↵m�0

' 0.3 s�1 ⇥Nch

⇣ ✏

10�10

⌘2 ⇣ m�0

100MeV

⌘

<latexit sha1_base64="lCHg/6ROsQxW4i0qncChOTrSMLg="></latexit><latexit sha1_base64="lCHg/6ROsQxW4i0qncChOTrSMLg="></latexit><latexit sha1_base64="lCHg/6ROsQxW4i0qncChOTrSMLg="></latexit><latexit sha1_base64="lCHg/6ROsQxW4i0qncChOTrSMLg="></latexit>
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• Overview of Asymmetric Dark Matter (ADM)
• Coincidence Problem
• Basic Idea of ADM

• Composite ADM Model
• Model Setup
• Cosmology

• Constraint
• 𝛾′ effects on 𝑁"##
• Direct Detection Constraint
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𝛾′ effects on 𝑁"##
Berkeley Week
15, jan., 2020

(1) Negative contribution

𝛾, 𝑒±, 𝜈

𝜈
𝑇O

𝛾, 𝑒±
𝑇P

𝜈 decoupling

𝜈
𝑇O

𝛾, 𝑒±
𝑇P

Energy injection 
from 𝛾′ decay

NSM,�0

e↵ < NSM
e↵

<latexit sha1_base64="jfVxS0xAGQXAhGqdx+w9vJ9e3mc="></latexit>

• This effect decreases 𝑁"## :

• 𝛾′ dilutes the entropy of 𝜈



Ne↵
<latexit sha1_base64="DMe/rJpNUQE701545LniIkMvv90=">AAACIXicbVDLSsNAFJ34rPUVdekmWARXJRFBFy4KblxJBfuANoTJ9KYdOjMZZiaFEPon7kT/xZ24E//ElUmbhW09MHA4517umRNKRrVx3S9rbX1jc2u7slPd3ds/OLSPjts6ThSBFolZrLoh1sCogJahhkFXKsA8ZNAJx3eF35mA0jQWTyaV4HM8FDSiBJtcCmz7Icj6HJuR4hlE0XQa2DW37s7grBKvJDVUohnYP/1BTBIOwhCGte55rjR+hpWhhMG02k80SEzGeAi9nArMQfvZLPnUOc+VgRPFKn/CODP170aGudYpD/PJIqRe9grxP6+XmOjGz6iQiQFB5oeihDkmdooanAFVQAxLc4KJonlWh4ywwsTkZS1ciSAVXC78I5OjVFOii7K85WpWSfuy7rl17/Gq1rgta6ugU3SGLpCHrlED3aMmaiGCJugZvaI368V6tz6sz/nomlXunKAFWN+/RgClXg==</latexit><latexit sha1_base64="DMe/rJpNUQE701545LniIkMvv90=">AAACIXicbVDLSsNAFJ34rPUVdekmWARXJRFBFy4KblxJBfuANoTJ9KYdOjMZZiaFEPon7kT/xZ24E//ElUmbhW09MHA4517umRNKRrVx3S9rbX1jc2u7slPd3ds/OLSPjts6ThSBFolZrLoh1sCogJahhkFXKsA8ZNAJx3eF35mA0jQWTyaV4HM8FDSiBJtcCmz7Icj6HJuR4hlE0XQa2DW37s7grBKvJDVUohnYP/1BTBIOwhCGte55rjR+hpWhhMG02k80SEzGeAi9nArMQfvZLPnUOc+VgRPFKn/CODP170aGudYpD/PJIqRe9grxP6+XmOjGz6iQiQFB5oeihDkmdooanAFVQAxLc4KJonlWh4ywwsTkZS1ciSAVXC78I5OjVFOii7K85WpWSfuy7rl17/Gq1rgta6ugU3SGLpCHrlED3aMmaiGCJugZvaI368V6tz6sz/nomlXunKAFWN+/RgClXg==</latexit><latexit sha1_base64="DMe/rJpNUQE701545LniIkMvv90=">AAACIXicbVDLSsNAFJ34rPUVdekmWARXJRFBFy4KblxJBfuANoTJ9KYdOjMZZiaFEPon7kT/xZ24E//ElUmbhW09MHA4517umRNKRrVx3S9rbX1jc2u7slPd3ds/OLSPjts6ThSBFolZrLoh1sCogJahhkFXKsA8ZNAJx3eF35mA0jQWTyaV4HM8FDSiBJtcCmz7Icj6HJuR4hlE0XQa2DW37s7grBKvJDVUohnYP/1BTBIOwhCGte55rjR+hpWhhMG02k80SEzGeAi9nArMQfvZLPnUOc+VgRPFKn/CODP170aGudYpD/PJIqRe9grxP6+XmOjGz6iQiQFB5oeihDkmdooanAFVQAxLc4KJonlWh4ywwsTkZS1ciSAVXC78I5OjVFOii7K85WpWSfuy7rl17/Gq1rgta6ugU3SGLpCHrlED3aMmaiGCJugZvaI368V6tz6sz/nomlXunKAFWN+/RgClXg==</latexit><latexit sha1_base64="DMe/rJpNUQE701545LniIkMvv90=">AAACIXicbVDLSsNAFJ34rPUVdekmWARXJRFBFy4KblxJBfuANoTJ9KYdOjMZZiaFEPon7kT/xZ24E//ElUmbhW09MHA4517umRNKRrVx3S9rbX1jc2u7slPd3ds/OLSPjts6ThSBFolZrLoh1sCogJahhkFXKsA8ZNAJx3eF35mA0jQWTyaV4HM8FDSiBJtcCmz7Icj6HJuR4hlE0XQa2DW37s7grBKvJDVUohnYP/1BTBIOwhCGte55rjR+hpWhhMG02k80SEzGeAi9nArMQfvZLPnUOc+VgRPFKn/CODP170aGudYpD/PJIqRe9grxP6+XmOjGz6iQiQFB5oeihDkmdooanAFVQAxLc4KJonlWh4ywwsTkZS1ciSAVXC78I5OjVFOii7K85WpWSfuy7rl17/Gq1rgta6ugU3SGLpCHrlED3aMmaiGCJugZvaI368V6tz6sz/nomlXunKAFWN+/RgClXg==</latexit>

𝛾, 𝑒±, 𝜈

𝜈
𝑇O

𝛾, 𝑒±
𝑇P

𝜈 decoupling

𝛾′

𝛾′ itself  contributes to 

• This effect increases 𝑁"## : NSM,�0

e↵ > NSM
e↵

<latexit sha1_base64="bNb4wnsVbJC3NK7BgHFIQLHcsnk="></latexit>

𝛾′ effects on 𝑁"##
Berkeley Week
15, jan., 2020

(2) Positive contribution

• 𝛾′ behaves as an extra energy component



𝛾′ effects on 𝑁"##
Berkeley Week
15, jan., 2020

We show that
1. In the region of 
• light mass : 
• short lifetime :

m�0 < O(10)MeV
<latexit sha1_base64="3ceMGdxzLvAWszXCxBoxk06KzUQ="></latexit>

⌧�0 < O(1) sec
<latexit sha1_base64="yhK1kxv1cYl78Mk/IQ/9EtyWsvc="></latexit>

Negative contribution is dominant : NSM,�0

e↵ < NSM
e↵

<latexit sha1_base64="jfVxS0xAGQXAhGqdx+w9vJ9e3mc="></latexit>

Lower limit on m�0 > O(10)MeV
<latexit sha1_base64="E4F95xDnEagIFo8310ktTFTAjeE="></latexit>

2. In the region of 
• heavy mass : 
• long lifetime :
Positive contribution is dominant :

Lower limit on 

m�0 > O(10)MeV
<latexit sha1_base64="E4F95xDnEagIFo8310ktTFTAjeE="></latexit>

⌧�0 > O(1) sec
<latexit sha1_base64="jFr1jWHtafmthBu9yFxk8Ok5S5I="></latexit>

NSM,�0

e↵ > NSM
e↵

<latexit sha1_base64="bNb4wnsVbJC3NK7BgHFIQLHcsnk="></latexit>

✏ & 10�10 ⇥
✓
10MeV

m�0

◆1/2

<latexit sha1_base64="0ECuBT8b8kwE22Yv79ZeY5NQe3U="></latexit>



DM-Nucleon Scattering

Kinetic mixing term also induces DM-nucleon scattering

We can detect in direct detection experiments!

LA0�A =
✏

2
Fµ⌫F

0µ⌫ +
1

2
m2

�0A0
µA

0µ
<latexit sha1_base64="9epso/IEX1smqASe5GTr/nS82+w="></latexit><latexit sha1_base64="9epso/IEX1smqASe5GTr/nS82+w="></latexit><latexit sha1_base64="9epso/IEX1smqASe5GTr/nS82+w="></latexit><latexit sha1_base64="9epso/IEX1smqASe5GTr/nS82+w="></latexit>

�

�0

p

p0

p

p0

<latexit sha1_base64="Nke5SuOoRc74gMXIJANBPuyGuRs="></latexit><latexit sha1_base64="Nke5SuOoRc74gMXIJANBPuyGuRs="></latexit><latexit sha1_base64="Nke5SuOoRc74gMXIJANBPuyGuRs="></latexit><latexit sha1_base64="Nke5SuOoRc74gMXIJANBPuyGuRs="></latexit>
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Allowed!

Excluded

𝑁"##
@ 𝜈 decoupling 

↵D = ↵/100
<latexit sha1_base64="FSCf7BOIGqpmm44EoJIKsMgOVtg="></latexit><latexit sha1_base64="FSCf7BOIGqpmm44EoJIKsMgOVtg="></latexit><latexit sha1_base64="FSCf7BOIGqpmm44EoJIKsMgOVtg="></latexit><latexit sha1_base64="FSCf7BOIGqpmm44EoJIKsMgOVtg="></latexit>

↵D = ↵
<latexit sha1_base64="WVR/0Ltpao+YtrIPBVkodAlJJhY=">AAACIHicdZDLSgMxFIYz9VbrpaMu3QSL4KpkbNEWFAq6cFnBXqAtJZNm2tBMJiQZYRj6JO5E38WduNRHcWV6EazoD4Gf/5zDOfl8yZk2CL07mZXVtfWN7GZua3tnN+/u7Td1FCtCGyTikWr7WFPOBG0YZjhtS0Vx6HPa8sdX03rrnirNInFnEkl7IR4KFjCCjY36br6LuRzh/vXlwrgFVKxUUbl0BlHRq5RQFU1NycqDXhHNVAAL1fvuZ3cQkTikwhCOte54SJpeipVhhNNJrhtrKjEZ4yHtWCtwSHUvnR0+gcc2GcAgUvYJA2fpz4kUh1onoW87Q2xG+ndtGv5V68QmqPRSJmRsqCDzRUHMoYnglAIcMEWJ4Yk1mChmb4VkhBUmxrJa2hLQRIRy6R+pHCWaET2xsL6JwP9N87ToWYK35ULtYoEtCw7BETgBHjgHNXAD6qABCIjBA3gCz86j8+K8Om/z1oyzmDkAS3I+vgC7iqSG</latexit><latexit sha1_base64="WVR/0Ltpao+YtrIPBVkodAlJJhY=">AAACIHicdZDLSgMxFIYz9VbrpaMu3QSL4KpkbNEWFAq6cFnBXqAtJZNm2tBMJiQZYRj6JO5E38WduNRHcWV6EazoD4Gf/5zDOfl8yZk2CL07mZXVtfWN7GZua3tnN+/u7Td1FCtCGyTikWr7WFPOBG0YZjhtS0Vx6HPa8sdX03rrnirNInFnEkl7IR4KFjCCjY36br6LuRzh/vXlwrgFVKxUUbl0BlHRq5RQFU1NycqDXhHNVAAL1fvuZ3cQkTikwhCOte54SJpeipVhhNNJrhtrKjEZ4yHtWCtwSHUvnR0+gcc2GcAgUvYJA2fpz4kUh1onoW87Q2xG+ndtGv5V68QmqPRSJmRsqCDzRUHMoYnglAIcMEWJ4Yk1mChmb4VkhBUmxrJa2hLQRIRy6R+pHCWaET2xsL6JwP9N87ToWYK35ULtYoEtCw7BETgBHjgHNXAD6qABCIjBA3gCz86j8+K8Om/z1oyzmDkAS3I+vgC7iqSG</latexit><latexit sha1_base64="WVR/0Ltpao+YtrIPBVkodAlJJhY=">AAACIHicdZDLSgMxFIYz9VbrpaMu3QSL4KpkbNEWFAq6cFnBXqAtJZNm2tBMJiQZYRj6JO5E38WduNRHcWV6EazoD4Gf/5zDOfl8yZk2CL07mZXVtfWN7GZua3tnN+/u7Td1FCtCGyTikWr7WFPOBG0YZjhtS0Vx6HPa8sdX03rrnirNInFnEkl7IR4KFjCCjY36br6LuRzh/vXlwrgFVKxUUbl0BlHRq5RQFU1NycqDXhHNVAAL1fvuZ3cQkTikwhCOte54SJpeipVhhNNJrhtrKjEZ4yHtWCtwSHUvnR0+gcc2GcAgUvYJA2fpz4kUh1onoW87Q2xG+ndtGv5V68QmqPRSJmRsqCDzRUHMoYnglAIcMEWJ4Yk1mChmb4VkhBUmxrJa2hLQRIRy6R+pHCWaET2xsL6JwP9N87ToWYK35ULtYoEtCw7BETgBHjgHNXAD6qABCIjBA3gCz86j8+K8Om/z1oyzmDkAS3I+vgC7iqSG</latexit><latexit sha1_base64="WVR/0Ltpao+YtrIPBVkodAlJJhY=">AAACIHicdZDLSgMxFIYz9VbrpaMu3QSL4KpkbNEWFAq6cFnBXqAtJZNm2tBMJiQZYRj6JO5E38WduNRHcWV6EazoD4Gf/5zDOfl8yZk2CL07mZXVtfWN7GZua3tnN+/u7Td1FCtCGyTikWr7WFPOBG0YZjhtS0Vx6HPa8sdX03rrnirNInFnEkl7IR4KFjCCjY36br6LuRzh/vXlwrgFVKxUUbl0BlHRq5RQFU1NycqDXhHNVAAL1fvuZ3cQkTikwhCOte54SJpeipVhhNNJrhtrKjEZ4yHtWCtwSHUvnR0+gcc2GcAgUvYJA2fpz4kUh1onoW87Q2xG+ndtGv5V68QmqPRSJmRsqCDzRUHMoYnglAIcMEWJ4Yk1mChmb4VkhBUmxrJa2hLQRIRy6R+pHCWaET2xsL6JwP9N87ToWYK35ULtYoEtCw7BETgBHjgHNXAD6qABCIjBA3gCz86j8+K8Om/z1oyzmDkAS3I+vgC7iqSG</latexit>

Total Constraint

In our model
m⇡0 ⇠ 1GeV

<latexit sha1_base64="Ow4D8cflikyCin9JSpZZtNeSmFM="></latexit>

mDM = 8.5GeV
<latexit sha1_base64="guOtHJLAAqtlRt9nJPczVkwERcc="></latexit>
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Purple shaded: 
rough constraint 
from CMB
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M. Ibe, SK, Y. Nakayama, 
S. Shirai, 
arXiv:1912.12152

Lower limit on m�0
<latexit sha1_base64="ZLxcvthOMS4zuvWcBZBYNnopcBc=">AAACGnicbVC7SgNBFJ2NrxhfUUubwSBahV0RtLAI2FhGMA9IljA7mU2GzIuZWWFZ8hl2ov9iJ7Y2/oqVs8kWJvHAhcM593LvPZFi1Fjf//ZKa+sbm1vl7crO7t7+QfXwqG1kojFpYcmk7kbIEEYFaVlqGekqTRCPGOlEk7vc7zwRbagUjzZVJORoJGhMMbJO6vFB1h8hztH5dFCt+XV/BrhKgoLUQIHmoPrTH0qccCIsZsiYXuArG2ZIW4oZmVb6iSEK4QkakZ6jAnFiwmx28hSeOWUIY6ldCQtn6t+JDHFjUh65To7s2Cx7ufif10tsfBNmVKjEEoHni+KEQSth/j8cUk2wZakjCGvqboV4jDTC1qW0sCUmqeBq4Y9MjVNDscnDCpajWSXty3rg14OHq1rjtoitDE7AKbgAAbgGDXAPmqAFMJDgGbyCN+/Fe/c+vM95a8krZo7BAryvX+2gopI=</latexit><latexit sha1_base64="ZLxcvthOMS4zuvWcBZBYNnopcBc=">AAACGnicbVC7SgNBFJ2NrxhfUUubwSBahV0RtLAI2FhGMA9IljA7mU2GzIuZWWFZ8hl2ov9iJ7Y2/oqVs8kWJvHAhcM593LvPZFi1Fjf//ZKa+sbm1vl7crO7t7+QfXwqG1kojFpYcmk7kbIEEYFaVlqGekqTRCPGOlEk7vc7zwRbagUjzZVJORoJGhMMbJO6vFB1h8hztH5dFCt+XV/BrhKgoLUQIHmoPrTH0qccCIsZsiYXuArG2ZIW4oZmVb6iSEK4QkakZ6jAnFiwmx28hSeOWUIY6ldCQtn6t+JDHFjUh65To7s2Cx7ufif10tsfBNmVKjEEoHni+KEQSth/j8cUk2wZakjCGvqboV4jDTC1qW0sCUmqeBq4Y9MjVNDscnDCpajWSXty3rg14OHq1rjtoitDE7AKbgAAbgGDXAPmqAFMJDgGbyCN+/Fe/c+vM95a8krZo7BAryvX+2gopI=</latexit><latexit sha1_base64="ZLxcvthOMS4zuvWcBZBYNnopcBc=">AAACGnicbVC7SgNBFJ2NrxhfUUubwSBahV0RtLAI2FhGMA9IljA7mU2GzIuZWWFZ8hl2ov9iJ7Y2/oqVs8kWJvHAhcM593LvPZFi1Fjf//ZKa+sbm1vl7crO7t7+QfXwqG1kojFpYcmk7kbIEEYFaVlqGekqTRCPGOlEk7vc7zwRbagUjzZVJORoJGhMMbJO6vFB1h8hztH5dFCt+XV/BrhKgoLUQIHmoPrTH0qccCIsZsiYXuArG2ZIW4oZmVb6iSEK4QkakZ6jAnFiwmx28hSeOWUIY6ldCQtn6t+JDHFjUh65To7s2Cx7ufif10tsfBNmVKjEEoHni+KEQSth/j8cUk2wZakjCGvqboV4jDTC1qW0sCUmqeBq4Y9MjVNDscnDCpajWSXty3rg14OHq1rjtoitDE7AKbgAAbgGDXAPmqAFMJDgGbyCN+/Fe/c+vM95a8krZo7BAryvX+2gopI=</latexit><latexit sha1_base64="ZLxcvthOMS4zuvWcBZBYNnopcBc=">AAACGnicbVC7SgNBFJ2NrxhfUUubwSBahV0RtLAI2FhGMA9IljA7mU2GzIuZWWFZ8hl2ov9iJ7Y2/oqVs8kWJvHAhcM593LvPZFi1Fjf//ZKa+sbm1vl7crO7t7+QfXwqG1kojFpYcmk7kbIEEYFaVlqGekqTRCPGOlEk7vc7zwRbagUjzZVJORoJGhMMbJO6vFB1h8hztH5dFCt+XV/BrhKgoLUQIHmoPrTH0qccCIsZsiYXuArG2ZIW4oZmVb6iSEK4QkakZ6jAnFiwmx28hSeOWUIY6ldCQtn6t+JDHFjUh65To7s2Cx7ufif10tsfBNmVKjEEoHni+KEQSth/j8cUk2wZakjCGvqboV4jDTC1qW0sCUmqeBq4Y9MjVNDscnDCpajWSXty3rg14OHq1rjtoitDE7AKbgAAbgGDXAPmqAFMJDgGbyCN+/Fe/c+vM95a8krZo7BAryvX+2gopI=</latexit>

Lower limit on ✏<latexit sha1_base64="Z1HZbNPS3vNbTkgoBdv74QYTW04="></latexit> Model dependent (thus not 
thoroughly applicable)

• We solved full 
Boltzmann eqs. 
to evaluate 𝑁"##.

• The lower limit on 
𝑚PJ is universal.

m�0 & 8.5MeV
<latexit sha1_base64="/qJAMCYQKNoGqaoDkzd+37IjIzw="></latexit>



• We can construct a cosmologically safe and 
detectable model of composite ADM, 
coupling with massive dark photon.

• The lower bound on 𝑚PJ is robust, so that 
this constraint can be imposed on other 
models with dark photon.

Conclusion
Berkeley Week
15, jan., 2020
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