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What do we know about Dark Matter?

⚫ Dark Matter need to be

(1) Cold (non-relativistic)

(2) Dark (not interact with photons) 

(3) Collision-less 

(4)  Stable / Long-lived 

Planck 2018

TT Spectrum

Galaxy rotation curves                   Merging galaxy clusters                 Cosmic Microwave Background

+ 𝝆𝑫 ≈ 𝟐. 𝟑 × 𝟏𝟎−𝟑𝟎 𝐠/𝐜𝐦𝟑
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The Dark Matter – Baryon Coincidence 

⇒ Why Τ𝜌𝐷 𝜌𝐵  ≈  5 ?

For comparison,

Τ𝜌proton 𝜌neutron ≈  7

Τ𝜌proton 𝜌electron ≈  1800

These ratios have been fixed since the early universe !!

𝜌matter

𝜌radiation

𝜌Λ,dark energy
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More about the DM – Baryon Coincidence 

⚫ For non-relativistic particles, the energy density = number density × mass

Τ 𝜌𝐷 𝜌𝐵  = Τ 𝑛𝐷 𝑛𝐵 ×  Τ𝑚𝐷 𝑚𝐵 =  5 

                                         

⚫ For comparison,

Τ𝜌𝑝 𝜌𝑛  =  Τ𝑛𝑝 𝑛𝑛 ×  Τ𝑚𝑝 𝑚𝑛  =  7 

 Τ𝜌𝑝 𝜌𝑒  =  Τ𝑛𝑝 𝑛𝑒 ×  Τ𝑚𝑝 𝑚𝑒  =  1800
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More about the DM – Baryon Coincidence 

⚫ For non-relativistic particles, the energy density = number density × mass

Τ 𝜌𝐷 𝜌𝐵  = Τ 𝑛𝐷 𝑛𝐵 ×  Τ𝑚𝐷 𝑚𝐵 =  5 

                                         

⚫ For comparison,

Τ𝜌𝑝 𝜌𝑛  =  Τ𝑛𝑝 𝑛𝑛 ×  Τ𝑚𝑝 𝑚𝑛  =  7 
                                            ~7 ∵ 𝑆𝑈(2)𝐹           ~1 ∵ 𝑆𝑈(2)𝐹

 Τ𝜌𝑝 𝜌𝑒  =  Τ𝑛𝑝 𝑛𝑒 ×  Τ𝑚𝑝 𝑚𝑒  =  1800
                                             ~1 ∵ 𝑈(1)𝐸𝑀               ~1800

(Symmetry!!)
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⚫ For non-relativistic particles, the energy density = number density × mass

Τ 𝜌𝐷 𝜌𝐵  = Τ 𝑛𝐷 𝑛𝐵 ×  Τ𝑚𝐷 𝑚𝐵 =  5 !? 

                                         

⚫ For comparison,

Τ𝜌𝑝 𝜌𝑛  =  Τ𝑛𝑝 𝑛𝑛 ×  Τ𝑚𝑝 𝑚𝑛  =  7 
                                            ~7 ∵ 𝑆𝑈(2)𝐹           ~1 ∵ 𝑆𝑈(2)𝐹

 Τ𝜌𝑝 𝜌𝑒  =  Τ𝑛𝑝 𝑛𝑒 ×  Τ𝑚𝑝 𝑚𝑒  =  1800
                                             ~1 ∵ 𝑈(1)𝐸𝑀               ~1800

from unknown 

Baryogenesis

from QCD 

confinement

(Symmetry!!)
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Previous attempts: Asymmetric Dark Matter

⚫ The problem is partly solved in Asymmetric DM models

Τ 𝜌𝐷 𝜌𝐵  = Τ 𝑛𝐷 𝑛𝐵 ×  Τ𝑚𝐷 𝑚𝐵 =  5 !? 

                                         

⚫ For comparison,

Τ𝜌𝑝 𝜌𝑛  =  Τ𝑛𝑝 𝑛𝑛 ×  Τ𝑚𝑝 𝑚𝑛  =  7 
                                            ~7 ∵ 𝑆𝑈(2)𝐹           ~1 ∵ 𝑆𝑈(2)𝐹

 Τ𝜌𝑝 𝜌𝑒  =  Τ𝑛𝑝 𝑛𝑒 ×  Τ𝑚𝑝 𝑚𝑒  =  1800
                                             ~1 ∵ 𝑈(1)𝐸𝑀               ~1800

~𝒪(1) ∵ 𝑈(1)𝐷−𝐵 from QCD 

confinement

(Symmetry!!)

[Petraki, Volkas ’13; Zurek ‘13]
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Previous attempts: Asymmetric Dark Matter

⚫ The problem is partly solved in Asymmetric DM models

Τ 𝜌𝐷 𝜌𝐵  = Τ 𝑛𝐷 𝑛𝐵 ×  Τ𝑚𝐷 𝑚𝐵 =  5 !?

                                         ~𝒪(1) ∵ 𝑈(1)𝐷−𝐵

𝒎𝑩 ~ 𝚲QCD = 𝟒𝝅 × 𝒗QCD ( 𝑓𝜋= 92 MeV)

[Petraki, Volkas ‘13; Zurek ‘13]
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Toward Comparable DM and Baryon Masses

⚫ A complete solution to the problem should also predict 𝒎𝑫 = 𝒀𝑫𝒗𝑫 ~ 𝒎𝑩 = 𝟒𝝅 𝒗QCD

𝜌𝐷

𝜌𝐵
 =  

𝑛𝐷

𝑛𝐵
 ×

𝑚𝐷

𝑚𝐵
 =  

𝑛𝐷

𝑛𝐵
 ×  

𝑌𝐷

 4𝜋 
×  

𝑣𝐷

 𝑣QCD 
= 5 !?

                                         ~𝒪 1
∵ 𝑈(1)𝐷−𝐵

A complete solution =  Asymmetric 

~𝒪 1  ~𝒪 1  
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Previous attempts: Dark Baryon Dark Matter

⚫ Dark Baryon DM from strongly coupled dark sectors is another necessary condition.

𝜌𝐷

𝜌𝐵
 =  

𝑛𝐷

𝑛𝐵
 ×

𝑚𝐷

𝑚𝐵
 =  

𝑛𝐷

𝑛𝐵
 ×  

𝑌𝐷

 4𝜋 
×  

𝑣𝐷

 𝑣QCD 
= 5 !?

                                         

𝑌𝐷 ~ 𝒪 4𝜋
if Dark Matter is a Baryon of 

Strongly Coupled Dark Sectors 

~𝒪 1
∵ 𝑈(1)𝐷−𝐵

A complete solution =  Asymmetric Dark Baryon 

~𝒪 1
∵ 𝑌𝐷  ~ 𝒪 4𝜋

~𝒪 1  
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Toward Comparable DC and QCD VEVs

⚫ The last piece of a complete solution is to achieve comparable VEVs, 𝒗𝑫 ~ 𝒗QCD

     How to get

𝜌𝐷

𝜌𝐵
 =  

𝑛𝐷

𝑛𝐵
 ×

𝑚𝐷

𝑚𝐵
 =  

𝑛𝐷

𝑛𝐵
 ×  

𝑌𝐷

 4𝜋 
×  

𝑣𝐷

 𝑣QCD 
= 5 !?

                                         ~𝒪 1
∵ 𝑈(1)𝐷−𝐵

A complete solution =  Asymmetric Dark Baryon 

~𝒪 1
∵ 𝑌𝐷  ~ 𝒪 4𝜋
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Toward Comparable DC and QCD VEVs

⚫ The last piece of a complete solution is to achieve comparable VEVs, 𝒗𝑫 ~ 𝒗QCD

     How to get

𝜌𝐷

𝜌𝐵
 =  

𝑛𝐷

𝑛𝐵
 ×

𝑚𝐷

𝑚𝐵
 =  

𝑛𝐷

𝑛𝐵
 ×  

𝑌𝐷

 4𝜋 
×  

𝑣𝐷

 𝑣QCD 
= 5 !?

                                         ~𝒪 1
∵ 𝑈(1)𝐷−𝐵

A complete solution =  Asymmetric Dark Baryon 

~𝒪 1
∵ 𝑌𝐷  ~ 𝒪 4𝜋

~𝒪 0.1

But ~𝒪 1

It is essentially a

fine-tuning problem!!

Ex: 𝑏𝑠 = 7, 𝑔𝑠,0: 0.8 → 0.7 ⇒ 200 
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Attempts: Mirror / IRFP / Dark GUT / Chiral DS

⚫ Many attempts have been made to achieve 𝒗𝑫 ~ 𝒗QCD with mechanisms

     including

𝜌𝐷

𝜌𝐵
 =  

𝑛𝐷

𝑛𝐵
 ×

𝑚𝐷

𝑚𝐵
 =  

𝑛𝐷

𝑛𝐵
 ×  

𝑌𝐷

 4𝜋 
×  

𝑣𝐷

 𝑣QCD 
= 5 !?

                                         ~𝒪 1
∵ 𝑈(1)𝐷−𝐵

~𝒪 1  ∵ 𝒗𝐃 ~ 𝒗QCD

from Sym. or Dynamics

Volkas, Foot, … ’03… 

Mirror DM

𝛼𝐷,0, 𝑏𝐷 ≈ 𝛼𝑠,0, 𝑏𝑠

Dark GUT

𝛼𝐷,0 ≈ 𝛼𝑠,0

YC [ 2411.16860 ] 

IR fixed pt.

𝑏𝐷 ≈ 𝑏𝑠 ≈ 0

Bai, Schwaller ‘13

A complete solution =  Asymmetric Dark Baryon + 𝒗𝑫 ~ 𝒗QCD mech. 

~𝒪 1
∵ 𝑌𝐷  ~ 𝒪 4𝜋
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Attempts: Mirror / IRFP / Dark GUT / Chiral DS

⚫ Many attempts have been made to achieve 𝒗𝑫 ~ 𝒗QCD with mechanisms

     including

Volkas, Foot, … ’03… 

Mirror DM

𝛼𝐷,0, 𝑏𝐷 ≈ 𝛼𝑠,0, 𝑏𝑠

Dark GUT

𝛼𝐷,0 ≈ 𝛼𝑠,0

YC [ 2411.16860 ] 

IR fixed pt.

𝑏𝐷 ≈ 𝑏𝑠 ≈ 0

Bai, Schwaller ‘13

The requirement of a mechanism to achieve 𝒗𝑫 ~ 𝒗𝐐𝐂𝐃 points toward 

different classes of Strongly Coupled Dark Sectors 
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YC [ 2411.18725 ] 

QCD-like (Vector-like) Strongly Coupled Dark Sector

Dark Baryons with 𝒎𝑫 = 𝟒𝝅𝒗𝑫. For 𝒗𝑫 ~  𝒗QCD ⇒ 𝒎𝑫 ~ 𝒎𝑩

15/16

Chiral SCDS

Light Dark Baryon

with 𝒎𝑫 = 𝟒𝝅𝜺 

𝜺 ~  𝒗QCD ⇒ 𝒎𝑫 ~ 𝒎𝑩



Strongly Coupled Dark Sectors from DMBC

Mirror Dark Sector IR Fixed Point Dark GUT Chiral Dark Sector

Dark Color SU(3) SU(3) Sp(4) SU(5)

Dark Quarks 𝑢′, 𝑑′, 𝑐′, 𝑠′, 𝑡′, 𝑏′ 6 × ( 𝐹, ത𝐹 ) 3 × ( 𝐴, 𝐹, ത𝐹 ) 𝐴, 𝐹, ത𝐹

additional + leptons, photon... bi-fund. fields heavy 𝑍′ boson composite axion

Spectrum

other heavy states

(mediate SM-DS)

Dark Baryon

other resonances 

from dark color

other light states

Dark Matter – Baryon Coincidenceyichung886@ibs.re.kr

𝝆′, 𝜼′

𝝅′, 𝑲′

𝒆′, 𝜸′

EW′       𝑯′, 𝑾′, 𝒁′

GeV        𝑫 𝒏′, 𝒑′
𝝆′, 𝜼′

𝝅′, 𝑲′

TeV 𝚽, …

≈ ≈

GeV        𝑫 𝒏′, 𝒑′ GeV        𝑫 𝝆′
𝚺𝐂𝐁

𝝅𝑨, 𝝅𝑭

10 TeV 𝒁′, …

≈

GeV        𝑫 𝑨ഥ𝑭ഥ𝑭
𝝅′

𝚲𝐃𝐂 𝝍, 𝝅𝒄, …

≈

𝒂 (composite)

𝜼′
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