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Dark Matter Paradigms

I Most stuffs in the universe are dark. (Planck 2018)

그림: HST 그림: Planck 2018
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What we know about dark matter:

I DM has about 5 times the mass density of baryons.

I Dark but massive (m =???)

I Can’t interact too strongly with QED and QCD.

I Doesn’t interact too strongly with itself.

그림: Megering galaxy clusters (Abell 520)
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WIMP miracle for correct thermal relics

I Weakly interacting massive particles (Lee+Weinberg, 1977)

〈σ v〉 =
α2

m2
DM

mDM ∼ 100 GeV

5/35



Introduction

A model for light DM

Direct detection of light dark baryons

Conclusion and outlook

WIMP DM for last 40 years since Lee-Weinberg

그림: Hochberg at CERN BSM 2018
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Search for WIMP DM
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Dark Matter Race: CDMS II
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Dark Matter Race: XENON1T
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Paradigm Shift in DM

Composite Higgs Model
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Openning windows for DM
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A model for light DM

Direct detection of light dark baryons

Conclusion and outlook

Models for naturally light DM

I Particles are light, because of symmetry. (’t Hooft 1979)

I Mass of spinless particle is protected by the shift symmetry:

a→ a + constant . (axions)

I Mass of spin 1 is protected by gauge symmetry.

Aµ → Aµ + ∂µΛ . (dark photons)

I Spin 1/2 dark baryons? Mass is protected by chiral

symmetry, but difficult to realize at low energy.
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Direct detection of light dark baryons

Conclusion and outlook

A model for light DM and DR (DKH 2018)

I We propose a model for spin 1/2 dark baryons based on

dark SU(5) with confining scale Λ = 10 GeV ∼ 1 TeV:

mχ = 1 MeV ∼ 1 GeV

I The mass is protected by chiral symmetry. The SU(5) is

confined but chiral symmetry is not spontaneously broken.

I The dark-baryons are neutral but have magnetic moment

µχ = g
e

2mχ
, g = κ

m2
χ

Λ2
, κ = O(1) .
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Dipolar Dark Matter

I Dipolar DM (Sigurdson et al 2004)

proton
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A model for light DM

Direct detection of light dark baryons

Conclusion and outlook

Dipolar Dark Matter

I Our model provides a UV complete model for DDM that

explains the small MDM naturally.

µχ = g
e

2mχ
, g ∼

m2
χ

Λ2
∼ 10−2 − 10−12 ,

I Our model has DR and also very light dark axion.
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A model for light DM

Direct detection of light dark baryons

Conclusion and outlook

I Consider SU(5) gauge theory with dark quarks.

SU(5) SU(2)f SU(2)as U(1)B U(1)A U(1)em

qai 1 1/5 qf 2/5

Qα
ij 1 2/5 qas −1/5

χa 1 1 1 qf + 2qas 0

I The model has Gf ⊗ Gas chiral symmetries:

Gf = SU(2)fL ⊗ SU(2)fR , Gas = SU(2)asL ⊗ SU(2)asR
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Introduction

A model for light DM

Direct detection of light dark baryons

Conclusion and outlook

A very light dark axion

I The chiral symmetry of decuplet Qα
ij is spontaneously broken

at Λ ∼ confinement scale:〈
QαQ̄β

〉
= Λ3δαβ : SU(2)asL ⊗ SU(2)asR 7→ SU(2)V ,

I U(1)A is non-anomalous and spontaneously broken.

I There are 4 Nambu-Goldstone bosons: πA (A = 1, 2, 3), a,

assuming mU � mD :

ma =
fπmπ

fa/6
·
√
mUmD

mU + mD
� mπ .
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A model for light DM

Direct detection of light dark baryons

Conclusion and outlook

A very light dark axion

I Dark axion decays into two photons:

Laγγ =
cγ

32π2
· 6a

fa
Fµν F̃

µν ,

I Life time of dark axions, gaγ = 216α/5πfa:

Γa→γγ =
g2
aγm

3
a

64π
' 5× 10−22 s−1

( ma

10−3 eV

)3
·
(

1 TeV

fa

)2

,
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Introduction

A model for light DM

Direct detection of light dark baryons

Conclusion and outlook

A very light dark axion

I The dark-axions with ma < 1.6× 10−2 eV live longer than

the age of the universe for fa = 1 TeV .

I Since they couple to SM particles at one-loop, unless

ma > O(1) keV, from the stellar cooling constraints

fa ∼ Λ > 3× 105 GeV ,
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A model for light DM

Direct detection of light dark baryons

Conclusion and outlook

Light dark baryons

I The chiral symmetry of qαi is NOT spontaneously broken,

however, by ’t Hooft anomaly matching.

I The flavor anomalies of qαi is saturated in IR by massless

spin 1/2 chimera baryons:

χa ∼ εαβqai Qα
jkQ

β
lmε

ijklm ,
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Direct detection of light dark baryons

Conclusion and outlook

Light dark baryons

I The coefficients of the UV and IR anomalies match,

Aab
UV =

1

5
· 5 Tr

(
τ aτb

)
, Aab

IR = 1 · Tr
(
τ aτb

)
,

⌦
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Introduction

A model for light DM

Direct detection of light dark baryons

Conclusion and outlook

Mass and magnetic moment of chimera baryons

I Dark (chimera) baryons are massless in the chiral limit:

mχ ∼ mq � Λ

I The dark-baryons are neutral but have magnetic dipole

moment for mq 6= 0 with κ = O(1):

µχ = g
e

2mχ
, g = κ

m2
χ

Λ2
,

I Dark-baryons in our model belongs to dipolar DM but with

naturally small magnetic moments.
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Introduction

A model for light DM

Direct detection of light dark baryons

Conclusion and outlook

Relic abundance of dark baryons

I In the early universe the (electrically charged) dark quarks

are in thermal equilibrium with SM particles.

I When the dark SU(5) colors confine, the dark baryons are

formed and freeze out at Tf < Λ:

〈nσ v〉Tf
= H

I The freezeout temperature Tf or xf ≡ mχ/Tf is

xf ' ln
[
A/
√

lnA
]

where A = 0.038
√
g∗mpl mχ 〈σv〉.
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Introduction

A model for light DM

Direct detection of light dark baryons

Conclusion and outlook

Relic abundance of dark baryons

I The annihilation process (c) of dark baryons to give with

Neff =
∑

f Q
2
f

σχχ̄→f f̄ v ' Neff αµ
2
χ
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<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

(a)
<latexit sha1_base64="c3JTspQy4INMxG4mb2pCu3m1on4=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AngpYBGwuLiOYDkiPMbfaSJXt7x+6eEI78BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU0VZk8YiVp0ANRNcsqbhRrBOohhGgWDtYHwz89tPTGkey0czSZgf4VDykFM0Vnqo4nm/XHFr7hxklXg5qUCORr/81RvENI2YNFSg1l3PTYyfoTKcCjYt9VLNEqRjHLKupRIjpv1sfuqUnFllQMJY2ZKGzNXfExlGWk+iwHZGaEZ62ZuJ/3nd1ITXfsZlkhom6WJRmApiYjL7mwy4YtSIiSVIFbe3EjpChdTYdEo2BG/55VXSuqh5bs27v6zU7/I4inACp1AFD66gDrfQgCZQGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBi62NVA==</latexit><latexit sha1_base64="c3JTspQy4INMxG4mb2pCu3m1on4=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AngpYBGwuLiOYDkiPMbfaSJXt7x+6eEI78BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU0VZk8YiVp0ANRNcsqbhRrBOohhGgWDtYHwz89tPTGkey0czSZgf4VDykFM0Vnqo4nm/XHFr7hxklXg5qUCORr/81RvENI2YNFSg1l3PTYyfoTKcCjYt9VLNEqRjHLKupRIjpv1sfuqUnFllQMJY2ZKGzNXfExlGWk+iwHZGaEZ62ZuJ/3nd1ITXfsZlkhom6WJRmApiYjL7mwy4YtSIiSVIFbe3EjpChdTYdEo2BG/55VXSuqh5bs27v6zU7/I4inACp1AFD66gDrfQgCZQGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBi62NVA==</latexit><latexit sha1_base64="c3JTspQy4INMxG4mb2pCu3m1on4=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AngpYBGwuLiOYDkiPMbfaSJXt7x+6eEI78BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU0VZk8YiVp0ANRNcsqbhRrBOohhGgWDtYHwz89tPTGkey0czSZgf4VDykFM0Vnqo4nm/XHFr7hxklXg5qUCORr/81RvENI2YNFSg1l3PTYyfoTKcCjYt9VLNEqRjHLKupRIjpv1sfuqUnFllQMJY2ZKGzNXfExlGWk+iwHZGaEZ62ZuJ/3nd1ITXfsZlkhom6WJRmApiYjL7mwy4YtSIiSVIFbe3EjpChdTYdEo2BG/55VXSuqh5bs27v6zU7/I4inACp1AFD66gDrfQgCZQGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBi62NVA==</latexit><latexit sha1_base64="c3JTspQy4INMxG4mb2pCu3m1on4=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AngpYBGwuLiOYDkiPMbfaSJXt7x+6eEI78BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU0VZk8YiVp0ANRNcsqbhRrBOohhGgWDtYHwz89tPTGkey0czSZgf4VDykFM0Vnqo4nm/XHFr7hxklXg5qUCORr/81RvENI2YNFSg1l3PTYyfoTKcCjYt9VLNEqRjHLKupRIjpv1sfuqUnFllQMJY2ZKGzNXfExlGWk+iwHZGaEZ62ZuJ/3nd1ITXfsZlkhom6WJRmApiYjL7mwy4YtSIiSVIFbe3EjpChdTYdEo2BG/55VXSuqh5bs27v6zU7/I4inACp1AFD66gDrfQgCZQGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBi62NVA==</latexit>

�
<latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit><latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit><latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit><latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit>

�̄
<latexit sha1_base64="dtUfl4fSDosVZrZXgPkEK80O5SE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVbq+iFVPhvxfrXm1t05yCrxClKDAs1+9csfJCyLURomqNY9z01NkFNlOBM4rfiZxpSyMR1iz1JJY9RBPr93Ss6sMiBRomxJQ+bq74mcxlpP4tB2xtSM9LI3E//zepmJroOcyzQzKNliUZQJYhIye54MuEJmxMQSyhS3txI2oooyYyOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gIGAZ3iFN+fReXHenY9Fa8kpZo7hD5zPH/vNj+s=</latexit><latexit sha1_base64="dtUfl4fSDosVZrZXgPkEK80O5SE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVbq+iFVPhvxfrXm1t05yCrxClKDAs1+9csfJCyLURomqNY9z01NkFNlOBM4rfiZxpSyMR1iz1JJY9RBPr93Ss6sMiBRomxJQ+bq74mcxlpP4tB2xtSM9LI3E//zepmJroOcyzQzKNliUZQJYhIye54MuEJmxMQSyhS3txI2oooyYyOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gIGAZ3iFN+fReXHenY9Fa8kpZo7hD5zPH/vNj+s=</latexit><latexit sha1_base64="dtUfl4fSDosVZrZXgPkEK80O5SE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVbq+iFVPhvxfrXm1t05yCrxClKDAs1+9csfJCyLURomqNY9z01NkFNlOBM4rfiZxpSyMR1iz1JJY9RBPr93Ss6sMiBRomxJQ+bq74mcxlpP4tB2xtSM9LI3E//zepmJroOcyzQzKNliUZQJYhIye54MuEJmxMQSyhS3txI2oooyYyOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gIGAZ3iFN+fReXHenY9Fa8kpZo7hD5zPH/vNj+s=</latexit><latexit sha1_base64="dtUfl4fSDosVZrZXgPkEK80O5SE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVbq+iFVPhvxfrXm1t05yCrxClKDAs1+9csfJCyLURomqNY9z01NkFNlOBM4rfiZxpSyMR1iz1JJY9RBPr93Ss6sMiBRomxJQ+bq74mcxlpP4tB2xtSM9LI3E//zepmJroOcyzQzKNliUZQJYhIye54MuEJmxMQSyhS3txI2oooyYyOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gIGAZ3iFN+fReXHenY9Fa8kpZo7hD5zPH/vNj+s=</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

(b)
<latexit sha1_base64="+DT2LoA+dgD8Y1LWMR2/2Iy4eQo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AngpYBGwuLiOYDkiPsbeaSJXt7x+6eEI78BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxjczv/2ESvNYPppJgn5Eh5KHnFFjpYdqcN4vV9yaOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bnzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZn9TQZcITNiYgllittbCRtRRZmx6ZRsCN7yy6ukdVHz3Jp3f1mp3+VxFOEETqEKHlxBHW6hAU1gMIRneIU3RzgvzrvzsWgtOPnMMfyB8/kDjTKNVQ==</latexit><latexit sha1_base64="+DT2LoA+dgD8Y1LWMR2/2Iy4eQo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AngpYBGwuLiOYDkiPsbeaSJXt7x+6eEI78BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxjczv/2ESvNYPppJgn5Eh5KHnFFjpYdqcN4vV9yaOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bnzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZn9TQZcITNiYgllittbCRtRRZmx6ZRsCN7yy6ukdVHz3Jp3f1mp3+VxFOEETqEKHlxBHW6hAU1gMIRneIU3RzgvzrvzsWgtOPnMMfyB8/kDjTKNVQ==</latexit><latexit sha1_base64="+DT2LoA+dgD8Y1LWMR2/2Iy4eQo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AngpYBGwuLiOYDkiPsbeaSJXt7x+6eEI78BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxjczv/2ESvNYPppJgn5Eh5KHnFFjpYdqcN4vV9yaOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bnzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZn9TQZcITNiYgllittbCRtRRZmx6ZRsCN7yy6ukdVHz3Jp3f1mp3+VxFOEETqEKHlxBHW6hAU1gMIRneIU3RzgvzrvzsWgtOPnMMfyB8/kDjTKNVQ==</latexit><latexit sha1_base64="+DT2LoA+dgD8Y1LWMR2/2Iy4eQo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AngpYBGwuLiOYDkiPsbeaSJXt7x+6eEI78BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxjczv/2ESvNYPppJgn5Eh5KHnFFjpYdqcN4vV9yaOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bnzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZn9TQZcITNiYgllittbCRtRRZmx6ZRsCN7yy6ukdVHz3Jp3f1mp3+VxFOEETqEKHlxBHW6hAU1gMIRneIU3RzgvzrvzsWgtOPnMMfyB8/kDjTKNVQ==</latexit>

�
<latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit><latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit><latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit><latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit>

�̄
<latexit sha1_base64="dtUfl4fSDosVZrZXgPkEK80O5SE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVbq+iFVPhvxfrXm1t05yCrxClKDAs1+9csfJCyLURomqNY9z01NkFNlOBM4rfiZxpSyMR1iz1JJY9RBPr93Ss6sMiBRomxJQ+bq74mcxlpP4tB2xtSM9LI3E//zepmJroOcyzQzKNliUZQJYhIye54MuEJmxMQSyhS3txI2oooyYyOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gIGAZ3iFN+fReXHenY9Fa8kpZo7hD5zPH/vNj+s=</latexit><latexit sha1_base64="dtUfl4fSDosVZrZXgPkEK80O5SE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVbq+iFVPhvxfrXm1t05yCrxClKDAs1+9csfJCyLURomqNY9z01NkFNlOBM4rfiZxpSyMR1iz1JJY9RBPr93Ss6sMiBRomxJQ+bq74mcxlpP4tB2xtSM9LI3E//zepmJroOcyzQzKNliUZQJYhIye54MuEJmxMQSyhS3txI2oooyYyOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gIGAZ3iFN+fReXHenY9Fa8kpZo7hD5zPH/vNj+s=</latexit><latexit sha1_base64="dtUfl4fSDosVZrZXgPkEK80O5SE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVbq+iFVPhvxfrXm1t05yCrxClKDAs1+9csfJCyLURomqNY9z01NkFNlOBM4rfiZxpSyMR1iz1JJY9RBPr93Ss6sMiBRomxJQ+bq74mcxlpP4tB2xtSM9LI3E//zepmJroOcyzQzKNliUZQJYhIye54MuEJmxMQSyhS3txI2oooyYyOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gIGAZ3iFN+fReXHenY9Fa8kpZo7hD5zPH/vNj+s=</latexit><latexit sha1_base64="dtUfl4fSDosVZrZXgPkEK80O5SE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVbq+iFVPhvxfrXm1t05yCrxClKDAs1+9csfJCyLURomqNY9z01NkFNlOBM4rfiZxpSyMR1iz1JJY9RBPr93Ss6sMiBRomxJQ+bq74mcxlpP4tB2xtSM9LI3E//zepmJroOcyzQzKNliUZQJYhIye54MuEJmxMQSyhS3txI2oooyYyOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gIGAZ3iFN+fReXHenY9Fa8kpZo7hD5zPH/vNj+s=</latexit> f

<latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit>

f̄
<latexit sha1_base64="lb+ofpE5XWYYfJLekAXdGFslRiI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOepMxszPLzKwQQv7BiwdFvPo/3vwbJ8keNLFORVU3XV1RKrixvv/tFdbWNza3itulnd29/YPy4VHTqEwzbDAllG5H1KDgEhuWW4HtVCNNIoGtaHQ781tPqA1X8sGOUwwTOpA85oxaJzW7EdUk7pUrftWfg6ySICcVyFHvlb+6fcWyBKVlghrTCfzUhhOqLWcCp6VuZjClbEQH2HFU0gRNOJmnnZIzp/RJrNxhJS2Zq783JjQxZpxEbjKhdmiWvZn4n9fJbHwdTrhMM4uSLQ7FmSBWkdnrpM81MivGjlCmuctK2JBqyqwrqORKCJZfXiXNi2rgV4P7y0rtJq+jCCdwCucQwBXU4A7q0AAGj/AMr/DmKe/Fe/c+FqMFL985hj/wPn8AGXSOzQ==</latexit><latexit sha1_base64="lb+ofpE5XWYYfJLekAXdGFslRiI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOepMxszPLzKwQQv7BiwdFvPo/3vwbJ8keNLFORVU3XV1RKrixvv/tFdbWNza3itulnd29/YPy4VHTqEwzbDAllG5H1KDgEhuWW4HtVCNNIoGtaHQ781tPqA1X8sGOUwwTOpA85oxaJzW7EdUk7pUrftWfg6ySICcVyFHvlb+6fcWyBKVlghrTCfzUhhOqLWcCp6VuZjClbEQH2HFU0gRNOJmnnZIzp/RJrNxhJS2Zq783JjQxZpxEbjKhdmiWvZn4n9fJbHwdTrhMM4uSLQ7FmSBWkdnrpM81MivGjlCmuctK2JBqyqwrqORKCJZfXiXNi2rgV4P7y0rtJq+jCCdwCucQwBXU4A7q0AAGj/AMr/DmKe/Fe/c+FqMFL985hj/wPn8AGXSOzQ==</latexit><latexit sha1_base64="lb+ofpE5XWYYfJLekAXdGFslRiI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOepMxszPLzKwQQv7BiwdFvPo/3vwbJ8keNLFORVU3XV1RKrixvv/tFdbWNza3itulnd29/YPy4VHTqEwzbDAllG5H1KDgEhuWW4HtVCNNIoGtaHQ781tPqA1X8sGOUwwTOpA85oxaJzW7EdUk7pUrftWfg6ySICcVyFHvlb+6fcWyBKVlghrTCfzUhhOqLWcCp6VuZjClbEQH2HFU0gRNOJmnnZIzp/RJrNxhJS2Zq783JjQxZpxEbjKhdmiWvZn4n9fJbHwdTrhMM4uSLQ7FmSBWkdnrpM81MivGjlCmuctK2JBqyqwrqORKCJZfXiXNi2rgV4P7y0rtJq+jCCdwCucQwBXU4A7q0AAGj/AMr/DmKe/Fe/c+FqMFL985hj/wPn8AGXSOzQ==</latexit><latexit sha1_base64="lb+ofpE5XWYYfJLekAXdGFslRiI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOepMxszPLzKwQQv7BiwdFvPo/3vwbJ8keNLFORVU3XV1RKrixvv/tFdbWNza3itulnd29/YPy4VHTqEwzbDAllG5H1KDgEhuWW4HtVCNNIoGtaHQ781tPqA1X8sGOUwwTOpA85oxaJzW7EdUk7pUrftWfg6ySICcVyFHvlb+6fcWyBKVlghrTCfzUhhOqLWcCp6VuZjClbEQH2HFU0gRNOJmnnZIzp/RJrNxhJS2Zq783JjQxZpxEbjKhdmiWvZn4n9fJbHwdTrhMM4uSLQ7FmSBWkdnrpM81MivGjlCmuctK2JBqyqwrqORKCJZfXiXNi2rgV4P7y0rtJq+jCCdwCucQwBXU4A7q0AAGj/AMr/DmKe/Fe/c+FqMFL985hj/wPn8AGXSOzQ==</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

(c)
<latexit sha1_base64="EXOUIChu9ZutWqWqJSwMswWyPRg=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AngpYBGwuLiOYDkiPsbeaSJXt7x+6eEI78BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxjczv/2ESvNYPppJgn5Eh5KHnFFjpYcqO++XK27NnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NT52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMz+JgOukBkxsYQyxe2thI2ooszYdEo2BG/55VXSuqh5bs27v6zU7/I4inACp1AFD66gDrfQgCYwGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBjreNVg==</latexit><latexit sha1_base64="EXOUIChu9ZutWqWqJSwMswWyPRg=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AngpYBGwuLiOYDkiPsbeaSJXt7x+6eEI78BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxjczv/2ESvNYPppJgn5Eh5KHnFFjpYcqO++XK27NnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NT52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMz+JgOukBkxsYQyxe2thI2ooszYdEo2BG/55VXSuqh5bs27v6zU7/I4inACp1AFD66gDrfQgCYwGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBjreNVg==</latexit><latexit sha1_base64="EXOUIChu9ZutWqWqJSwMswWyPRg=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AngpYBGwuLiOYDkiPsbeaSJXt7x+6eEI78BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxjczv/2ESvNYPppJgn5Eh5KHnFFjpYcqO++XK27NnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NT52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMz+JgOukBkxsYQyxe2thI2ooszYdEo2BG/55VXSuqh5bs27v6zU7/I4inACp1AFD66gDrfQgCYwGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBjreNVg==</latexit><latexit sha1_base64="EXOUIChu9ZutWqWqJSwMswWyPRg=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AngpYBGwuLiOYDkiPsbeaSJXt7x+6eEI78BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxjczv/2ESvNYPppJgn5Eh5KHnFFjpYcqO++XK27NnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NT52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMz+JgOukBkxsYQyxe2thI2ooszYdEo2BG/55VXSuqh5bs27v6zU7/I4inACp1AFD66gDrfQgCYwGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBjreNVg==</latexit>
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Introduction

A model for light DM

Direct detection of light dark baryons

Conclusion and outlook

Relic abundance of dark baryons

I The mass and the confining scale are chosen to give correct

thermal relic density (A = 0.038
√
g∗mpl mχ 〈σv〉),

Ωχh
2 = 2.1× 104

(
mχ

me

)
ln
(
A/
√

lnA
)
/A = 0.12 .

Λ = 1 TeV Λ = 10 GeV

mχ ∼ 1 MeV ∼ 1 GeV

g -factor 10−12 10−2

σχe 10−48 cm2 10−36 cm2
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Introduction

A model for light DM

Direct detection of light dark baryons

Conclusion and outlook

Up dark baryon as Dark radiation

I Up dark-baryon can be made very light or massless by

taking mq = (mu ≈ 0,md).

I In the chiral limit the Pauli form factor F2(q2) = 0 and thus

the magnetic dipole moment µχ = F2(0) vanishes: but light

dark-baryons still couple to SM particles, since the Dirac

form factors F1(q2) 6= 0 though F1(0) = 0:

e cd
Λ2

χ̄γµχ∂νF
µν ;

e2cd
Λ2

χ̄γµχ ψ̄eγµψe
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Introduction

A model for light DM

Direct detection of light dark baryons

Conclusion and outlook

Up dark baryon as Dark radiation

I The thermal equilibrium process for dark radiation:

�
<latexit sha1_base64="lYmDFp3Q5owu32lmKEWNNGgxcro=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCFw8eKthaaJeSTbPd0CS7JFmhLP0LXjwo4tU/5M1/Y7bdg7Y+GHi8N8PMvDAV3FjP+0aVtfWNza3qdm1nd2//oH541DVJpinr0EQkuhcSwwRXrGO5FayXakZkKNhjOLkp/Mcnpg1P1IOdpiyQZKx4xCmxhTSgMR/WG17TmwOvEr8kDSjRHta/BqOEZpIpSwUxpu97qQ1yoi2ngs1qg8ywlNAJGbO+o4pIZoJ8fusMnzllhKNEu1IWz9XfEzmRxkxl6DolsbFZ9grxP6+f2eg6yLlKM8sUXSyKMoFtgovH8YhrRq2YOkKo5u5WTGOiCbUunpoLwV9+eZV0L5q+1/TvLxutuzKOKpzAKZyDD1fQgltoQwcoxPAMr/CGJHpB7+hj0VpB5cwx/AH6/AECvI48</latexit><latexit sha1_base64="lYmDFp3Q5owu32lmKEWNNGgxcro=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCFw8eKthaaJeSTbPd0CS7JFmhLP0LXjwo4tU/5M1/Y7bdg7Y+GHi8N8PMvDAV3FjP+0aVtfWNza3qdm1nd2//oH541DVJpinr0EQkuhcSwwRXrGO5FayXakZkKNhjOLkp/Mcnpg1P1IOdpiyQZKx4xCmxhTSgMR/WG17TmwOvEr8kDSjRHta/BqOEZpIpSwUxpu97qQ1yoi2ngs1qg8ywlNAJGbO+o4pIZoJ8fusMnzllhKNEu1IWz9XfEzmRxkxl6DolsbFZ9grxP6+f2eg6yLlKM8sUXSyKMoFtgovH8YhrRq2YOkKo5u5WTGOiCbUunpoLwV9+eZV0L5q+1/TvLxutuzKOKpzAKZyDD1fQgltoQwcoxPAMr/CGJHpB7+hj0VpB5cwx/AH6/AECvI48</latexit><latexit sha1_base64="lYmDFp3Q5owu32lmKEWNNGgxcro=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCFw8eKthaaJeSTbPd0CS7JFmhLP0LXjwo4tU/5M1/Y7bdg7Y+GHi8N8PMvDAV3FjP+0aVtfWNza3qdm1nd2//oH541DVJpinr0EQkuhcSwwRXrGO5FayXakZkKNhjOLkp/Mcnpg1P1IOdpiyQZKx4xCmxhTSgMR/WG17TmwOvEr8kDSjRHta/BqOEZpIpSwUxpu97qQ1yoi2ngs1qg8ywlNAJGbO+o4pIZoJ8fusMnzllhKNEu1IWz9XfEzmRxkxl6DolsbFZ9grxP6+f2eg6yLlKM8sUXSyKMoFtgovH8YhrRq2YOkKo5u5WTGOiCbUunpoLwV9+eZV0L5q+1/TvLxutuzKOKpzAKZyDD1fQgltoQwcoxPAMr/CGJHpB7+hj0VpB5cwx/AH6/AECvI48</latexit><latexit sha1_base64="lYmDFp3Q5owu32lmKEWNNGgxcro=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCFw8eKthaaJeSTbPd0CS7JFmhLP0LXjwo4tU/5M1/Y7bdg7Y+GHi8N8PMvDAV3FjP+0aVtfWNza3qdm1nd2//oH541DVJpinr0EQkuhcSwwRXrGO5FayXakZkKNhjOLkp/Mcnpg1P1IOdpiyQZKx4xCmxhTSgMR/WG17TmwOvEr8kDSjRHta/BqOEZpIpSwUxpu97qQ1yoi2ngs1qg8ywlNAJGbO+o4pIZoJ8fusMnzllhKNEu1IWz9XfEzmRxkxl6DolsbFZ9grxP6+f2eg6yLlKM8sUXSyKMoFtgovH8YhrRq2YOkKo5u5WTGOiCbUunpoLwV9+eZV0L5q+1/TvLxutuzKOKpzAKZyDD1fQgltoQwcoxPAMr/CGJHpB7+hj0VpB5cwx/AH6/AECvI48</latexit>

�
<latexit sha1_base64="lYmDFp3Q5owu32lmKEWNNGgxcro=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCFw8eKthaaJeSTbPd0CS7JFmhLP0LXjwo4tU/5M1/Y7bdg7Y+GHi8N8PMvDAV3FjP+0aVtfWNza3qdm1nd2//oH541DVJpinr0EQkuhcSwwRXrGO5FayXakZkKNhjOLkp/Mcnpg1P1IOdpiyQZKx4xCmxhTSgMR/WG17TmwOvEr8kDSjRHta/BqOEZpIpSwUxpu97qQ1yoi2ngs1qg8ywlNAJGbO+o4pIZoJ8fusMnzllhKNEu1IWz9XfEzmRxkxl6DolsbFZ9grxP6+f2eg6yLlKM8sUXSyKMoFtgovH8YhrRq2YOkKo5u5WTGOiCbUunpoLwV9+eZV0L5q+1/TvLxutuzKOKpzAKZyDD1fQgltoQwcoxPAMr/CGJHpB7+hj0VpB5cwx/AH6/AECvI48</latexit><latexit sha1_base64="lYmDFp3Q5owu32lmKEWNNGgxcro=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCFw8eKthaaJeSTbPd0CS7JFmhLP0LXjwo4tU/5M1/Y7bdg7Y+GHi8N8PMvDAV3FjP+0aVtfWNza3qdm1nd2//oH541DVJpinr0EQkuhcSwwRXrGO5FayXakZkKNhjOLkp/Mcnpg1P1IOdpiyQZKx4xCmxhTSgMR/WG17TmwOvEr8kDSjRHta/BqOEZpIpSwUxpu97qQ1yoi2ngs1qg8ywlNAJGbO+o4pIZoJ8fusMnzllhKNEu1IWz9XfEzmRxkxl6DolsbFZ9grxP6+f2eg6yLlKM8sUXSyKMoFtgovH8YhrRq2YOkKo5u5WTGOiCbUunpoLwV9+eZV0L5q+1/TvLxutuzKOKpzAKZyDD1fQgltoQwcoxPAMr/CGJHpB7+hj0VpB5cwx/AH6/AECvI48</latexit><latexit sha1_base64="lYmDFp3Q5owu32lmKEWNNGgxcro=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCFw8eKthaaJeSTbPd0CS7JFmhLP0LXjwo4tU/5M1/Y7bdg7Y+GHi8N8PMvDAV3FjP+0aVtfWNza3qdm1nd2//oH541DVJpinr0EQkuhcSwwRXrGO5FayXakZkKNhjOLkp/Mcnpg1P1IOdpiyQZKx4xCmxhTSgMR/WG17TmwOvEr8kDSjRHta/BqOEZpIpSwUxpu97qQ1yoi2ngs1qg8ywlNAJGbO+o4pIZoJ8fusMnzllhKNEu1IWz9XfEzmRxkxl6DolsbFZ9grxP6+f2eg6yLlKM8sUXSyKMoFtgovH8YhrRq2YOkKo5u5WTGOiCbUunpoLwV9+eZV0L5q+1/TvLxutuzKOKpzAKZyDD1fQgltoQwcoxPAMr/CGJHpB7+hj0VpB5cwx/AH6/AECvI48</latexit><latexit sha1_base64="lYmDFp3Q5owu32lmKEWNNGgxcro=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCFw8eKthaaJeSTbPd0CS7JFmhLP0LXjwo4tU/5M1/Y7bdg7Y+GHi8N8PMvDAV3FjP+0aVtfWNza3qdm1nd2//oH541DVJpinr0EQkuhcSwwRXrGO5FayXakZkKNhjOLkp/Mcnpg1P1IOdpiyQZKx4xCmxhTSgMR/WG17TmwOvEr8kDSjRHta/BqOEZpIpSwUxpu97qQ1yoi2ngs1qg8ywlNAJGbO+o4pIZoJ8fusMnzllhKNEu1IWz9XfEzmRxkxl6DolsbFZ9grxP6+f2eg6yLlKM8sUXSyKMoFtgovH8YhrRq2YOkKo5u5WTGOiCbUunpoLwV9+eZV0L5q+1/TvLxutuzKOKpzAKZyDD1fQgltoQwcoxPAMr/CGJHpB7+hj0VpB5cwx/AH6/AECvI48</latexit>

e�
<latexit sha1_base64="4s86jLqtqH1xkK3cGuqP7bVkQJE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgY7gTQcuAjYVFRPMByRn2NnPJkr29Y3dPCEd+go2FIrb+Ijv/jZvkCk18MPB4b4aZeUEiuDau++0UVlbX1jeKm6Wt7Z3dvfL+QVPHqWLYYLGIVTugGgWX2DDcCGwnCmkUCGwFo+up33pCpXksH8w4QT+iA8lDzqix0j0+nvXKFbfqzkCWiZeTCuSo98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IiVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGVn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48jJpnlc9t+rdXVRqt3kcRTiCYzgFDy6hBjdQhwYwGMAzvMKbI5wX5935mLcWnHzmEP7A+fwB6hyNkg==</latexit><latexit sha1_base64="4s86jLqtqH1xkK3cGuqP7bVkQJE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgY7gTQcuAjYVFRPMByRn2NnPJkr29Y3dPCEd+go2FIrb+Ijv/jZvkCk18MPB4b4aZeUEiuDau++0UVlbX1jeKm6Wt7Z3dvfL+QVPHqWLYYLGIVTugGgWX2DDcCGwnCmkUCGwFo+up33pCpXksH8w4QT+iA8lDzqix0j0+nvXKFbfqzkCWiZeTCuSo98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IiVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGVn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48jJpnlc9t+rdXVRqt3kcRTiCYzgFDy6hBjdQhwYwGMAzvMKbI5wX5935mLcWnHzmEP7A+fwB6hyNkg==</latexit><latexit sha1_base64="4s86jLqtqH1xkK3cGuqP7bVkQJE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgY7gTQcuAjYVFRPMByRn2NnPJkr29Y3dPCEd+go2FIrb+Ijv/jZvkCk18MPB4b4aZeUEiuDau++0UVlbX1jeKm6Wt7Z3dvfL+QVPHqWLYYLGIVTugGgWX2DDcCGwnCmkUCGwFo+up33pCpXksH8w4QT+iA8lDzqix0j0+nvXKFbfqzkCWiZeTCuSo98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IiVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGVn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48jJpnlc9t+rdXVRqt3kcRTiCYzgFDy6hBjdQhwYwGMAzvMKbI5wX5935mLcWnHzmEP7A+fwB6hyNkg==</latexit><latexit sha1_base64="4s86jLqtqH1xkK3cGuqP7bVkQJE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgY7gTQcuAjYVFRPMByRn2NnPJkr29Y3dPCEd+go2FIrb+Ijv/jZvkCk18MPB4b4aZeUEiuDau++0UVlbX1jeKm6Wt7Z3dvfL+QVPHqWLYYLGIVTugGgWX2DDcCGwnCmkUCGwFo+up33pCpXksH8w4QT+iA8lDzqix0j0+nvXKFbfqzkCWiZeTCuSo98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IiVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGVn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48jJpnlc9t+rdXVRqt3kcRTiCYzgFDy6hBjdQhwYwGMAzvMKbI5wX5935mLcWnHzmEP7A+fwB6hyNkg==</latexit>

e�
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그림: A thermal equilibrium process for mχ < me .
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Conclusion and outlook

Dark radiation

I The ratio of the interaction rate to the expansion rate

Γint

H
∼ e4c2

dT
5/Λ2

T 2/mpl
=

(
T

Tχ

)3

,

where the decoupling temperature of massless dark-baryons

Tχ ' 0.06 GeV

( √
cd Λ

1 GeV

)4/3

.

I The contribution to the radiation energy (g = 4)

∆Neff =
13.56

g s
∗ (Tχ)4/3

· g . 0.12 for Λ & 3 GeV .
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Introduction

A model for light DM

Direct detection of light dark baryons

Conclusion and outlook

Results of light Dark-baryon model

I Our model accommodates DDM, DR and dark-axions with

Ωmh
2 ∼ 0.12, ∆Neff ∼ 0.1

Λ = 1− 10−2 TeV Λ = 200 MeV Λ & 107 GeV

χu ≈ 0 × ≈ 0

χd ∼ 1− 103 MeV 10 eV ×
a ×(> keV) ×(> keV) . 10 eV
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Conclusion and outlook

Direct detection of light dark baryons

I The sensitivity drops rapidly for nuclear recoil if

mD < 1 GeV.
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Direct detection of light dark baryons

Conclusion and outlook

Direct detection of light dark baryons

I Light DM of mD < 1 GeV do scatter off electrons instead!
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Introduction
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Direct detection of light dark baryons

Conclusion and outlook

Direct detection of light dark baryons

I Maximum electron kinetic energy

Ee ≤
1

2
mχv

2
χ . 3 eV

( mχ

MeV

)
I Cross sections for light dipolar DM:
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dσχe
dΩ

=
α2g2

m2
χ

F

(
θ,

me

mχ

)
σχe ∼ 10−36 − 10−48 cm2

(mχ = 1 GeV − 1 MeV)
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Conclusion and outlook

I We propose a model for light dipolar DM, based on SU(5).

I The model supports (almost) massless dark baryons:

mχ = 1 MeV − 1 GeV : Λ = 1− 10−2 TeV

I Dark baryons carry a naturally small magnetic moment

µχ = g
e

2mχ
, g ≈

(mχ

Λ

)2
= 10−2 − 10−12 .
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Conclusion and outlook

I They are within the reach, σχe ∼ 10−36 − 10−48 cm2.

Λ = 1 TeV Λ = 10 GeV

χu ≈ 0 ≈ 0

χd ∼ 1 MeV ∼ 1 GeV

g -factor 10−12 10−2

σχe 10−48 cm2 10−36 cm2
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