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Dark Matter Paradigms

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

Figure: HST Figure: 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 =???)

Figure: Megering galaxy clusters (Abell 520)

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

I Doesn’t interact too strongly with itself.
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WIMP miracle

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

〈σ v〉 =
α2

m2
DM

mDM ∼ 100 GeV
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WIMP DM for last 40 years

Figure: Hochberg at CERN BSM 2018
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Openning windows for DM

7/18



Introduction
A model for light DM and DR

Conclusion and outlook

A model for Multi-component DM and DR (DKH 2018)

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

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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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 by construction and is spontaneously
broken together with Gas .

I There are 4 Nambu-Goldstone bosons: πA (A = 1, 2, 3) and
dark-axion a with mass, assuming mU � mD

ma =
fπmπ

fa/6
·
√
mUmD

mU + mD
� mπ .
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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

,

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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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 ,

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 and DR

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 ,

I The coefficients of the UV and IR anomalies match,

Aab
UV =

1

5
· 5 Tr

(
τ aτb

)
, Aab

IR = 1 · Tr
(
τ aτb

)
,

⌦
<latexit sha1_base64="eV2xgh/F1hPM47DAtrKCXu1Mp7U=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhszPLTK8QlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5pW50ZxltMS226EbVcCsVbKFDybmo4TSLJO9Hkbu53nrixQqtHnKY8TOhIiVgwik7q9DWKhNtBtebX/QXIOgkKUoMCzUH1qz/ULEu4Qiaptb3ATzHMqUHBJJ9V+pnlKWUTOuI9RxV1S8J8ce6MXDhlSGJtXCkkC/X3RE4Ta6dJ5DoTimO76s3F/7xehvFtmAuVZsgVWy6KM0lQk/nvZCgMZyinjlBmhLuVsDE1lKFLqOJCCFZfXiftq3rg14OH61qjW8RRhjM4h0sI4AYacA9NaAGDCTzDK7x5qffivXsfy9aSV8ycwh94nz+MiY/D</latexit><latexit sha1_base64="eV2xgh/F1hPM47DAtrKCXu1Mp7U=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhszPLTK8QlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5pW50ZxltMS226EbVcCsVbKFDybmo4TSLJO9Hkbu53nrixQqtHnKY8TOhIiVgwik7q9DWKhNtBtebX/QXIOgkKUoMCzUH1qz/ULEu4Qiaptb3ATzHMqUHBJJ9V+pnlKWUTOuI9RxV1S8J8ce6MXDhlSGJtXCkkC/X3RE4Ta6dJ5DoTimO76s3F/7xehvFtmAuVZsgVWy6KM0lQk/nvZCgMZyinjlBmhLuVsDE1lKFLqOJCCFZfXiftq3rg14OH61qjW8RRhjM4h0sI4AYacA9NaAGDCTzDK7x5qffivXsfy9aSV8ycwh94nz+MiY/D</latexit><latexit sha1_base64="eV2xgh/F1hPM47DAtrKCXu1Mp7U=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhszPLTK8QlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5pW50ZxltMS226EbVcCsVbKFDybmo4TSLJO9Hkbu53nrixQqtHnKY8TOhIiVgwik7q9DWKhNtBtebX/QXIOgkKUoMCzUH1qz/ULEu4Qiaptb3ATzHMqUHBJJ9V+pnlKWUTOuI9RxV1S8J8ce6MXDhlSGJtXCkkC/X3RE4Ta6dJ5DoTimO76s3F/7xehvFtmAuVZsgVWy6KM0lQk/nvZCgMZyinjlBmhLuVsDE1lKFLqOJCCFZfXiftq3rg14OH61qjW8RRhjM4h0sI4AYacA9NaAGDCTzDK7x5qffivXsfy9aSV8ycwh94nz+MiY/D</latexit><latexit sha1_base64="eV2xgh/F1hPM47DAtrKCXu1Mp7U=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhszPLTK8QlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5pW50ZxltMS226EbVcCsVbKFDybmo4TSLJO9Hkbu53nrixQqtHnKY8TOhIiVgwik7q9DWKhNtBtebX/QXIOgkKUoMCzUH1qz/ULEu4Qiaptb3ATzHMqUHBJJ9V+pnlKWUTOuI9RxV1S8J8ce6MXDhlSGJtXCkkC/X3RE4Ta6dJ5DoTimO76s3F/7xehvFtmAuVZsgVWy6KM0lQk/nvZCgMZyinjlBmhLuVsDE1lKFLqOJCCFZfXiftq3rg14OH61qjW8RRhjM4h0sI4AYacA9NaAGDCTzDK7x5qffivXsfy9aSV8ycwh94nz+MiY/D</latexit>

U(1)B
<latexit sha1_base64="d1JtNSdal8Jy6IGaNsq1LUbl5Oc=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LHvRYwbSFJpTNdtMu3d2E3Y1QQv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZF6WcaeO6305pbX1jc6u8XdnZ3ds/qB4etXWSKUJ9kvBEdSOsKWeS+oYZTrupolhEnHai8e3M7zxRpVkiH80kpaHAQ8liRrCxUpAHSiB/WvfO+zf9as1tuHOgVeIVpAYFWv3qVzBISCaoNIRjrXuem5owx8owwum0EmSappiM8ZD2LJVYUB3m85un6MwqAxQnypY0aK7+nsix0HoiItspsBnpZW8m/uf1MhNfhzmTaWaoJItFccaRSdAsADRgihLDJ5Zgopi9FZERVpgYG1PFhuAtv7xK2hcNz214D5e15l0RRxlO4BTq4MEVNOEeWuADgRSe4RXenMx5cd6dj0VrySlmjuEPnM8fn6eQwg==</latexit><latexit sha1_base64="d1JtNSdal8Jy6IGaNsq1LUbl5Oc=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LHvRYwbSFJpTNdtMu3d2E3Y1QQv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZF6WcaeO6305pbX1jc6u8XdnZ3ds/qB4etXWSKUJ9kvBEdSOsKWeS+oYZTrupolhEnHai8e3M7zxRpVkiH80kpaHAQ8liRrCxUpAHSiB/WvfO+zf9as1tuHOgVeIVpAYFWv3qVzBISCaoNIRjrXuem5owx8owwum0EmSappiM8ZD2LJVYUB3m85un6MwqAxQnypY0aK7+nsix0HoiItspsBnpZW8m/uf1MhNfhzmTaWaoJItFccaRSdAsADRgihLDJ5Zgopi9FZERVpgYG1PFhuAtv7xK2hcNz214D5e15l0RRxlO4BTq4MEVNOEeWuADgRSe4RXenMx5cd6dj0VrySlmjuEPnM8fn6eQwg==</latexit><latexit sha1_base64="d1JtNSdal8Jy6IGaNsq1LUbl5Oc=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LHvRYwbSFJpTNdtMu3d2E3Y1QQv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZF6WcaeO6305pbX1jc6u8XdnZ3ds/qB4etXWSKUJ9kvBEdSOsKWeS+oYZTrupolhEnHai8e3M7zxRpVkiH80kpaHAQ8liRrCxUpAHSiB/WvfO+zf9as1tuHOgVeIVpAYFWv3qVzBISCaoNIRjrXuem5owx8owwum0EmSappiM8ZD2LJVYUB3m85un6MwqAxQnypY0aK7+nsix0HoiItspsBnpZW8m/uf1MhNfhzmTaWaoJItFccaRSdAsADRgihLDJ5Zgopi9FZERVpgYG1PFhuAtv7xK2hcNz214D5e15l0RRxlO4BTq4MEVNOEeWuADgRSe4RXenMx5cd6dj0VrySlmjuEPnM8fn6eQwg==</latexit><latexit sha1_base64="d1JtNSdal8Jy6IGaNsq1LUbl5Oc=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LHvRYwbSFJpTNdtMu3d2E3Y1QQv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZF6WcaeO6305pbX1jc6u8XdnZ3ds/qB4etXWSKUJ9kvBEdSOsKWeS+oYZTrupolhEnHai8e3M7zxRpVkiH80kpaHAQ8liRrCxUpAHSiB/WvfO+zf9as1tuHOgVeIVpAYFWv3qVzBISCaoNIRjrXuem5owx8owwum0EmSappiM8ZD2LJVYUB3m85un6MwqAxQnypY0aK7+nsix0HoiItspsBnpZW8m/uf1MhNfhzmTaWaoJItFccaRSdAsADRgihLDJ5Zgopi9FZERVpgYG1PFhuAtv7xK2hcNz214D5e15l0RRxlO4BTq4MEVNOEeWuADgRSe4RXenMx5cd6dj0VrySlmjuEPnM8fn6eQwg==</latexit>

SU(2)f
<latexit sha1_base64="uMYdZM0pnHx7rzNQ0P/ErwyXNvQ=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXspuEfRY8KDHim5baNeSTbNtaJJdk2yhLP0dXjwo4tUf481/Y/px0NYHA4/3ZpiZFyacaeO6305ubX1jcyu/XdjZ3ds/KB4eNXScKkJ9EvNYtUKsKWeS+oYZTluJoliEnDbD4fXUb46o0iyWD2ac0EDgvmQRI9hYKcg6SqB7f1Kunj9G3WLJrbgzoFXiLUgJFqh3i1+dXkxSQaUhHGvd9tzEBBlWhhFOJ4VOqmmCyRD3adtSiQXVQTY7eoLOrNJDUaxsSYNm6u+JDAutxyK0nQKbgV72puJ/Xjs10VWQMZmkhkoyXxSlHJkYTRNAPaYoMXxsCSaK2VsRGWCFibE5FWwI3vLLq6RRrXhuxbu7KNVuFnHk4QROoQweXEINbqEOPhB4gmd4hTdn5Lw4787HvDXnLGaO4Q+czx99KZFD</latexit><latexit sha1_base64="uMYdZM0pnHx7rzNQ0P/ErwyXNvQ=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXspuEfRY8KDHim5baNeSTbNtaJJdk2yhLP0dXjwo4tUf481/Y/px0NYHA4/3ZpiZFyacaeO6305ubX1jcyu/XdjZ3ds/KB4eNXScKkJ9EvNYtUKsKWeS+oYZTluJoliEnDbD4fXUb46o0iyWD2ac0EDgvmQRI9hYKcg6SqB7f1Kunj9G3WLJrbgzoFXiLUgJFqh3i1+dXkxSQaUhHGvd9tzEBBlWhhFOJ4VOqmmCyRD3adtSiQXVQTY7eoLOrNJDUaxsSYNm6u+JDAutxyK0nQKbgV72puJ/Xjs10VWQMZmkhkoyXxSlHJkYTRNAPaYoMXxsCSaK2VsRGWCFibE5FWwI3vLLq6RRrXhuxbu7KNVuFnHk4QROoQweXEINbqEOPhB4gmd4hTdn5Lw4787HvDXnLGaO4Q+czx99KZFD</latexit><latexit sha1_base64="uMYdZM0pnHx7rzNQ0P/ErwyXNvQ=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXspuEfRY8KDHim5baNeSTbNtaJJdk2yhLP0dXjwo4tUf481/Y/px0NYHA4/3ZpiZFyacaeO6305ubX1jcyu/XdjZ3ds/KB4eNXScKkJ9EvNYtUKsKWeS+oYZTluJoliEnDbD4fXUb46o0iyWD2ac0EDgvmQRI9hYKcg6SqB7f1Kunj9G3WLJrbgzoFXiLUgJFqh3i1+dXkxSQaUhHGvd9tzEBBlWhhFOJ4VOqmmCyRD3adtSiQXVQTY7eoLOrNJDUaxsSYNm6u+JDAutxyK0nQKbgV72puJ/Xjs10VWQMZmkhkoyXxSlHJkYTRNAPaYoMXxsCSaK2VsRGWCFibE5FWwI3vLLq6RRrXhuxbu7KNVuFnHk4QROoQweXEINbqEOPhB4gmd4hTdn5Lw4787HvDXnLGaO4Q+czx99KZFD</latexit><latexit sha1_base64="uMYdZM0pnHx7rzNQ0P/ErwyXNvQ=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXspuEfRY8KDHim5baNeSTbNtaJJdk2yhLP0dXjwo4tUf481/Y/px0NYHA4/3ZpiZFyacaeO6305ubX1jcyu/XdjZ3ds/KB4eNXScKkJ9EvNYtUKsKWeS+oYZTluJoliEnDbD4fXUb46o0iyWD2ac0EDgvmQRI9hYKcg6SqB7f1Kunj9G3WLJrbgzoFXiLUgJFqh3i1+dXkxSQaUhHGvd9tzEBBlWhhFOJ4VOqmmCyRD3adtSiQXVQTY7eoLOrNJDUaxsSYNm6u+JDAutxyK0nQKbgV72puJ/Xjs10VWQMZmkhkoyXxSlHJkYTRNAPaYoMXxsCSaK2VsRGWCFibE5FWwI3vLLq6RRrXhuxbu7KNVuFnHk4QROoQweXEINbqEOPhB4gmd4hTdn5Lw4787HvDXnLGaO4Q+czx99KZFD</latexit>

SU(2)f
<latexit sha1_base64="uMYdZM0pnHx7rzNQ0P/ErwyXNvQ=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXspuEfRY8KDHim5baNeSTbNtaJJdk2yhLP0dXjwo4tUf481/Y/px0NYHA4/3ZpiZFyacaeO6305ubX1jcyu/XdjZ3ds/KB4eNXScKkJ9EvNYtUKsKWeS+oYZTluJoliEnDbD4fXUb46o0iyWD2ac0EDgvmQRI9hYKcg6SqB7f1Kunj9G3WLJrbgzoFXiLUgJFqh3i1+dXkxSQaUhHGvd9tzEBBlWhhFOJ4VOqmmCyRD3adtSiQXVQTY7eoLOrNJDUaxsSYNm6u+JDAutxyK0nQKbgV72puJ/Xjs10VWQMZmkhkoyXxSlHJkYTRNAPaYoMXxsCSaK2VsRGWCFibE5FWwI3vLLq6RRrXhuxbu7KNVuFnHk4QROoQweXEINbqEOPhB4gmd4hTdn5Lw4787HvDXnLGaO4Q+czx99KZFD</latexit><latexit sha1_base64="uMYdZM0pnHx7rzNQ0P/ErwyXNvQ=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXspuEfRY8KDHim5baNeSTbNtaJJdk2yhLP0dXjwo4tUf481/Y/px0NYHA4/3ZpiZFyacaeO6305ubX1jcyu/XdjZ3ds/KB4eNXScKkJ9EvNYtUKsKWeS+oYZTluJoliEnDbD4fXUb46o0iyWD2ac0EDgvmQRI9hYKcg6SqB7f1Kunj9G3WLJrbgzoFXiLUgJFqh3i1+dXkxSQaUhHGvd9tzEBBlWhhFOJ4VOqmmCyRD3adtSiQXVQTY7eoLOrNJDUaxsSYNm6u+JDAutxyK0nQKbgV72puJ/Xjs10VWQMZmkhkoyXxSlHJkYTRNAPaYoMXxsCSaK2VsRGWCFibE5FWwI3vLLq6RRrXhuxbu7KNVuFnHk4QROoQweXEINbqEOPhB4gmd4hTdn5Lw4787HvDXnLGaO4Q+czx99KZFD</latexit><latexit sha1_base64="uMYdZM0pnHx7rzNQ0P/ErwyXNvQ=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXspuEfRY8KDHim5baNeSTbNtaJJdk2yhLP0dXjwo4tUf481/Y/px0NYHA4/3ZpiZFyacaeO6305ubX1jcyu/XdjZ3ds/KB4eNXScKkJ9EvNYtUKsKWeS+oYZTluJoliEnDbD4fXUb46o0iyWD2ac0EDgvmQRI9hYKcg6SqB7f1Kunj9G3WLJrbgzoFXiLUgJFqh3i1+dXkxSQaUhHGvd9tzEBBlWhhFOJ4VOqmmCyRD3adtSiQXVQTY7eoLOrNJDUaxsSYNm6u+JDAutxyK0nQKbgV72puJ/Xjs10VWQMZmkhkoyXxSlHJkYTRNAPaYoMXxsCSaK2VsRGWCFibE5FWwI3vLLq6RRrXhuxbu7KNVuFnHk4QROoQweXEINbqEOPhB4gmd4hTdn5Lw4787HvDXnLGaO4Q+czx99KZFD</latexit><latexit sha1_base64="uMYdZM0pnHx7rzNQ0P/ErwyXNvQ=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXspuEfRY8KDHim5baNeSTbNtaJJdk2yhLP0dXjwo4tUf481/Y/px0NYHA4/3ZpiZFyacaeO6305ubX1jcyu/XdjZ3ds/KB4eNXScKkJ9EvNYtUKsKWeS+oYZTluJoliEnDbD4fXUb46o0iyWD2ac0EDgvmQRI9hYKcg6SqB7f1Kunj9G3WLJrbgzoFXiLUgJFqh3i1+dXkxSQaUhHGvd9tzEBBlWhhFOJ4VOqmmCyRD3adtSiQXVQTY7eoLOrNJDUaxsSYNm6u+JDAutxyK0nQKbgV72puJ/Xjs10VWQMZmkhkoyXxSlHJkYTRNAPaYoMXxsCSaK2VsRGWCFibE5FWwI3vLLq6RRrXhuxbu7KNVuFnHk4QROoQweXEINbqEOPhB4gmd4hTdn5Lw4787HvDXnLGaO4Q+czx99KZFD</latexit>
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⌦
<latexit sha1_base64="eV2xgh/F1hPM47DAtrKCXu1Mp7U=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhszPLTK8QlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5pW50ZxltMS226EbVcCsVbKFDybmo4TSLJO9Hkbu53nrixQqtHnKY8TOhIiVgwik7q9DWKhNtBtebX/QXIOgkKUoMCzUH1qz/ULEu4Qiaptb3ATzHMqUHBJJ9V+pnlKWUTOuI9RxV1S8J8ce6MXDhlSGJtXCkkC/X3RE4Ta6dJ5DoTimO76s3F/7xehvFtmAuVZsgVWy6KM0lQk/nvZCgMZyinjlBmhLuVsDE1lKFLqOJCCFZfXiftq3rg14OH61qjW8RRhjM4h0sI4AYacA9NaAGDCTzDK7x5qffivXsfy9aSV8ycwh94nz+MiY/D</latexit><latexit sha1_base64="eV2xgh/F1hPM47DAtrKCXu1Mp7U=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhszPLTK8QlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5pW50ZxltMS226EbVcCsVbKFDybmo4TSLJO9Hkbu53nrixQqtHnKY8TOhIiVgwik7q9DWKhNtBtebX/QXIOgkKUoMCzUH1qz/ULEu4Qiaptb3ATzHMqUHBJJ9V+pnlKWUTOuI9RxV1S8J8ce6MXDhlSGJtXCkkC/X3RE4Ta6dJ5DoTimO76s3F/7xehvFtmAuVZsgVWy6KM0lQk/nvZCgMZyinjlBmhLuVsDE1lKFLqOJCCFZfXiftq3rg14OH61qjW8RRhjM4h0sI4AYacA9NaAGDCTzDK7x5qffivXsfy9aSV8ycwh94nz+MiY/D</latexit><latexit sha1_base64="eV2xgh/F1hPM47DAtrKCXu1Mp7U=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhszPLTK8QlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5pW50ZxltMS226EbVcCsVbKFDybmo4TSLJO9Hkbu53nrixQqtHnKY8TOhIiVgwik7q9DWKhNtBtebX/QXIOgkKUoMCzUH1qz/ULEu4Qiaptb3ATzHMqUHBJJ9V+pnlKWUTOuI9RxV1S8J8ce6MXDhlSGJtXCkkC/X3RE4Ta6dJ5DoTimO76s3F/7xehvFtmAuVZsgVWy6KM0lQk/nvZCgMZyinjlBmhLuVsDE1lKFLqOJCCFZfXiftq3rg14OH61qjW8RRhjM4h0sI4AYacA9NaAGDCTzDK7x5qffivXsfy9aSV8ycwh94nz+MiY/D</latexit><latexit sha1_base64="eV2xgh/F1hPM47DAtrKCXu1Mp7U=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhszPLTK8QlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5pW50ZxltMS226EbVcCsVbKFDybmo4TSLJO9Hkbu53nrixQqtHnKY8TOhIiVgwik7q9DWKhNtBtebX/QXIOgkKUoMCzUH1qz/ULEu4Qiaptb3ATzHMqUHBJJ9V+pnlKWUTOuI9RxV1S8J8ce6MXDhlSGJtXCkkC/X3RE4Ta6dJ5DoTimO76s3F/7xehvFtmAuVZsgVWy6KM0lQk/nvZCgMZyinjlBmhLuVsDE1lKFLqOJCCFZfXiftq3rg14OH61qjW8RRhjM4h0sI4AYacA9NaAGDCTzDK7x5qffivXsfy9aSV8ycwh94nz+MiY/D</latexit>
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Introduction
A model for light DM and DR

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, µχ, when chiral symmetry is broken, mq 6= 0:

µχ = g
e

2mχ
, g = κ

m2
χ

Λ2
,

where κ = O(1) .

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 and DR

Conclusion and outlook

Dark baryons 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:

ūχ(p′)

[
γµF1(q2) +

iσµνqv
2mχ

F2(q2)

]
uχ(p) .

I Very 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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Conclusion and outlook

Dark radiation

I The ratio of the interaction rate to the expansion rate

Γint

H
∼ e4c2dT

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 from the massless dark-baryons 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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Conclusion and outlook

Results of light Dark-baryon model

I Our model accommodates dark radiation, light dark-baryons
or very light dark-axions, which contribute significantly to relic
density, depending on the confinement scale, Λ:

Ωmh
2 ∼ 0.12, ∆Neff ∼ 0.1

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

χu ≈ 0 ≈ 0 ≈ 0
χd ∼ 1− 103 MeV 10 eV ×
a ×(> keV) ×(> keV) . 10 eV
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Conclusion and outlook

Dark axion ad QCD axion

I If we identify U(1)A as the U(1)PQ Peccei-Quinn symmetry,
the electroweak single PQ field of DFSZ model is then a
composite field of decuplet dark-quarks:

φPQ ∼ Q̄Q , .

I The confining scale is then

Λ ∼ fPQ ∼ 109 − 1012 GeV .

I The dark baryons are too weakly interacting, g ∼ m2
χ/Λ2 � 1.

16/18



Introduction
A model for light DM and DR

Conclusion and outlook

Dark axion ad QCD axion

I If we identify U(1)A as the U(1)PQ Peccei-Quinn symmetry,
the electroweak single PQ field of DFSZ model is then a
composite field of decuplet dark-quarks:

φPQ ∼ Q̄Q , .

I The confining scale is then

Λ ∼ fPQ ∼ 109 − 1012 GeV .

I The dark baryons are too weakly interacting, g ∼ m2
χ/Λ2 � 1.

16/18



Introduction
A model for light DM and DR

Conclusion and outlook

Dark axion ad QCD axion

I If we identify U(1)A as the U(1)PQ Peccei-Quinn symmetry,
the electroweak single PQ field of DFSZ model is then a
composite field of decuplet dark-quarks:

φPQ ∼ Q̄Q , .

I The confining scale is then

Λ ∼ fPQ ∼ 109 − 1012 GeV .

I The dark baryons are too weakly interacting, g ∼ m2
χ/Λ2 � 1.

16/18



Introduction
A model for light DM and DR

Conclusion and outlook

Conclusion and outlook

I We propose a model for light DM and dark radiation, which
has a light dark-baryons, very light dark-axions, and almost
massless dark-baryon.

I The model supports massless spin 1/2 chimera baryons that
saturate the flavor anomaly:

χa ∼ εαβqai Qα
jkQ

β
lmε

ijklm ,

I Dark baryons are light or almost massless because of unbroken
chiral symmetry.

I Dark baryons are neutral but carry a magnetic moment,

µχ = g
e

2mχ
, g ≈

(mχ

Λ

)2
.
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Conclusion and outlook

I The model has a very light dark-axion,

ma . 10 eV for Λ & 107 GeV .

I The dark-axion becomes the QCD axion, solving the strong
CP problem as in the DFSZ model, if we identify the
electroweak singlet φPQ ∼ Q̄Q, which requires Λ ∼ fPQ.
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