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           An intriguing hint

3

ρdm ≈ 5 ρb

mdm ndm ≈ 5 mb nb

nb − nb

s
∼ 10−10

New  physicsCP

ΛQCD ∼ MUVe− 1
β αs(MUV)Freeze-out, Freeze-in, 


misalignment,..

 10−22eV  eV  keV  GeV  M⊙

Ultralight Light WIMP Composite PBH



Common origins
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Still need a robust mechanism that can relate mdm ∼ mb

mdm ndm ≈ 5 mb nb

Asymmetric DM



Reasonable given weak scale

mdm ∼ 5 GeV 

NOT set by weak scale

ΛQCD ∼ MUVe− 1
β αs(MUV)



What is required for mdm ∼ mb
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 Λ
11Nc

3 − 2NL
3

QCD = M
11Nc

3 − 2NF
3

Pl e− 2π
αs(MPl) ∏

mi>ΛQCD

m2/3
i

 in the exponent   and  must be replicated to 
get  robustly.
Nc , NL , NF , αs(MPl) ⟶ Δαs/αs(MPl) ≲ 10 % (Nc , NL , NF)

Λ′￼QCD ∼ ΛQCD

If dark matter is so similar to the SM, why does it look so different?

 comes from confinement ( )   also comes from confinement ( ).mb ΛQCD ⟶ mdm Λ′￼QCD



SM is on a razor’s edge
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 comes from the mass difference between the lightest up and down quarks.mn − mp ∼ 2 MeV ≪ ΛQCD

If the lightest  and  Yukawas were slightly different from SM values such that protons were heavier than 
neutrons, the world could have looked very different.

u d

In particular, if protons were 3 MeV heavier than neutrons, they would have decayed before BBN.

Leftover neutrons in this world would have looked just like dark matter, and with the same abundance as 
baryons in our world!

A slightly imperfect replica of SM can produce dark matter in the form of dark neutrons!



In the paper
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We reflect on these models of dark matter with reflection symmetry.

• A consistent scheme to break ?ℤ2

• Compatible with cosmology without losing naturalness? 

ΔNeff

Avoiding dark atoms (heavily constrained by Bullet cluster)

Premise: 

 There is a dark sector (DS) that is approximately  symmetric with the SM which makes the visible 

sector (VS). 

 Dark matter is made of the asymmetric component of dark neutrons, which is generated by the same 

mechanism that generates asymmetry in baryons

→ ℤ2

→



A guiding principle for  breakingℤ2
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 broken by  for small  and  Yukawas, preserved for larger Yukawas like , and ℤ2 𝒪(1) u d t Δα/α ≲ 10 %
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Gauge fields

x5 = 0 x5 = L



ndm ≈ nb
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(WIMP) Baryogenesis
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WIMP-like baryogenesis parent  with mass  with weak scale couplings.χ ∼ (few) TeV

Non-relativistic freeze-out of  gives abundance in the ballpark of .χ Yb

χ

χ
S

h

h

Yχ ≈ 8 × 10−8 200
gtot

*χfo ( 3TeV
mχ ) ( 10−15GeV−2

⟨σv⟩χh ) ( xfo

11 )

  ℒ ⊃
1
2

αχ2S + βSS |H |2 +
1
2

mχ χ2 +
1
2

m2
SS2

Taking where , , α ∼ 0.5 βS ∼ 100 GeV mχ ∼ 3 TeV , mS ∼ 10 TeV

  close to the abundance from a WIMP (“miracle”).Yb ≡ nb/s ∼ 10−10 →
Y. Cui, R. Sundrum 1212.2973



(WIMP) Baryogenesis

11

χ

ϕ

ui

ϵi

d

d

ϵj

κj

κi

χ
ϕuj

ϕ

ψ

ui ui

χ
ϕ

ϕ

uj

ψ

ϵCP ≈
2

8π

Im ((∑
i

ϵiκ*i )
2

)
∑

i
|ϵi |

2

mχ

mψ

When  decays, interference between tree-level and loop diagrams provide CP-violation necessary for the 
generation of baryons asymmetry (similar to leptogenesis)

χ

    where , , , , ℒ ⊃ λijϕdc†
i dc†

j + ϵiϕχuc
i + κiϕψuc

i κi , λij ∼ 𝒪(1) 10−14 < ϵi < 10−7 mχ ≈ 3 TeV mψ ≈ 10 TeV mϕ ≈ TeV < mχ

ϵj κj κi Yb = ϵCPYχ ∼ 10−10

We take this mechanism to be duplicated in the dark sector, which gives Ydm ≈ Yb ∼ 10−10
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 ndm ≈ nb → mdm ≈ 5 mb
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Dark weak scale v′￼
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If  is broken, we would expect the most sensitive parameter of the SM to change, i.e., the weak scale .ℤ2 v

The hierarchy problem must be solved such that !v′￼ ∼ 𝒪(10) TeV
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3 − 2NL
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QCD = M
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3

Pl e−2π/αs(MPl) ∏
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m2/3
i
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Other restrictions on : dark BBNv′￼
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Dark BBN can change the nature of dark matter from dark neutrons to atomic dark matter.

To ensure that dark neutrons make dark matter, we have to avoid formation of dark atoms through dark BBN.

Bullet cluster bound:    with self-interacting DM
σ

mdm
≲ 1

cm2

g
≡

1
(100 MeV)3

≲ 10 %
A. Robertson, R. Massey, V. Eke: 1605.04307



 decayp′￼
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 must decay before the onset of dark Deuterium (  ) formation  constrains  lifetime ( )p′￼ D′￼ ≡ 2
1H′￼ → p′￼ τp′￼

1) T′￼D′￼
∼

BED′￼

20

2)    where 
BED

mn
∝ ( mπ

mn )
2

⟶ BED′￼
≈

(y′￼u + y′￼d) v′￼

(yu + yd) v
BED BED ≈ 2.2 MeV

3)    where 
τp′￼

τn
≈

GF Δm5
n−p

G′￼F Δm5
p′￼−n′￼

τn ≈ 880 s

0.015 ( v′￼

1 TeV )
4

( 30 MeV
Δm′￼ )

5

( TD′￼

1 MeV )
2

≲ 1

S. Beane et al: 1206.5219



Stability of dark di-neutron  state(n′￼− n′￼)
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If  state is stable, bigger nuclei of pure  can form and grow to be very large due to the lack of 
electromagnetic repulsion.

(n′￼− n′￼) n′￼

However, as the dark nucleus grows, the Fermi energy from Pauli blocking increases, contributing negatively 
to the binding energy.

At some point, it will be energetically favorable for the  inside a dark nucleus to decay to heavier  to 
reduce Fermi energy, and transition to a mixed nucleus of  and .

n′￼ p′￼

n′￼ p′￼

Example of  decay in SM: β+ 11
6 C → 11

5 B + e+ + νe (+1 MeV)

Lattice simulations show that  state would have been stable if . So the stability flip 
happens somewhere between  and .

(n − n) mπ ≳ 300 MeV
135 MeV 300 MeV

mπ′￼

mn′￼

< 0.2

T. Yamazaki, K. Ishikawa, Y. Kuramashi, A. Ukawa: 1502.04182
K. Orginos et al: 1508.07583
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v′￼ < (few) TeV ⟶ Λ′￼ ∼ 1.5Λ



Additional contributions to the factor of 5

19

1
α(′￼)

s
= δ(′￼)

boundary +
L

αs,5

If  and boundary contributions break  by ,

αs,5

L
≲

1
10

ℤ2 𝒪(1)
Δαs

α′￼s
∼ 10 %

 breaking of  on the left boundary𝒪(1) ℤ2



Additional contributions to the factor of 5
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P. Bittar, G. Burdman, and L. Kiriliuk: 2307.04662

ϵCP ≈
2

8π

Im ((∑
i

ϵiκ*i )
2

)
∑

i
|ϵi |

2

mχ

mψ



Where is all the extra stuff?
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 constraintsΔNeff
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Consider a late decaying scalar  (reheaton) withR

Despite thermal initial conditions, the dark sector can end up colder than the visible sector at later times if 
there is asymmetric reheating.

ℒ ⊃ βRR |H |2 + β′￼RR |H′￼|2 +
1
2

m2
RR2

R
h

h

R

h′￼

b′￼

b′￼

Asymmetric reheating can occur purely through kinematic factors if  2mh′￼
> mR > 2mh

ΓVS ΓDS

ΓDS

ΓVS
∼ y′￼

2
b

m2
R

m2
h′￼

≪ 1

N. Arkani-Hamed et al: 1607.06821
Z. Chacko, N. Craig, P. Fox, R. Harnik: 1611.07975
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R

 to ensure late decay   is leaning towards the -breaking boundary and therefore 
have a small overlap with the Higgses that are localized on the  boundary. However, the reheaton is 
common to both sectors, ensuring . 

β(′￼)
R (TeV)−1 ≪ 1 ⟶ R ℤ2

ℤ2
β′￼R = βR

x5 = 0 x5 = L

β′￼R = βR
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Complete thermal history
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Phenomenology
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Consider a generic heavy mediator of mass  bridging the two sectors with a coupling  such that M g
⟨σportalv⟩ ∼ g4T2/(64πM4)

Then requiring decoupling of the two sectors before reheaton decay gives a week constrain:

M
g

≳ 5 TeV ( 75
g*Req )

1/8

( 200
gtot

*sRfo )
3/4

( mR

700 GeV )
3/4

Higgs portal: λHH′￼
|H |2 |H′￼|2

λHH′￼ < 11 ( g*Req

75 )
1/4

( gtot
*sRfo

200 )
3/2

( 700 GeV
mR )

3/2

( v′￼

1 TeV ) ( yc

y′￼f ) (for cc → f′￼f′￼ scattering)



Phenomenology
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Precision  measurements with future experiments such as CMB-S4, CMB-HD, MegaMapper, etcNeff



Final remarks

• Can this coincidence help us select baryogenesis mechanisms for a given DM model, 
and vice versa?


• Are there dynamical mechanism that can directly relate the two energy densities?


• More interesting phenomenology with dark BBN?
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Thank you!


