
Messengers from the 
Early Universe

Nathaniel Craig 
University of California, Santa Barbara

CMB-S4 Collaboration Meeting                                                                                                                                                       11 Aug 2021

w/ Joel Meyers, Dan Green 
Talks by Linda Xu, David Curtin, Rui An, JiJi Fan, Ben Wallisch, Nicholas Rodd



Hierarchy 
Problem

Strong CP 
Problem

Dark Matter

Dark Energy

Baryon 
Asymmetry

Neutrino 
Mass

Flavor 
Puzzle

2



But thus far…
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Experimentally

If so,

To avoid fine-tuning, i.e. for the theory to be “natural”, need 
picture to change on scales below 2.8 × 10-13 cm

The naturalness strategy: an analogy from E&M

re . 10�18 cm ) �EC & 100GeV

0.511 = �99999.489 + 100000.000MeV

Hierarchy Problem 
Naturalness Strategy
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The Naturalness Strategy
Weisskopf (1939): Compute the self-energy including the positron

�t ⇠ ~/�E ⇠ ~/(2mec
2)

d ⇠ c�t ⇠ 200⇥ 10�13 cm�E = �EC + . . . �E = ��EC + . . .
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Dirac (1928/29): There is a new state in the relativistic quantum theory



The Naturalness Strategy
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⇤2 + . . .

Param UV sensitivity Natural if NP Scale Natural?

“me” Λ ≲ 5 MeV Positron 511 keV ✓

mπ±² - mπ0²
Λ ≲ 850 

MeV Rho 770 MeV ✓

mKL-mKS Λ ≲ 2 GeV Charm 1.2 GeV ✓

mH2 Λ ≲ 500 
GeV ? ? ?
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Supersymmetry
[Pardo Vega & Villadoro ’15]

m3/2

<latexit sha1_base64="tAlOZUoa0sxbJ6qrEYrqaeQbUNw=">AAACAXicdVDLSgMxFM34rPVVdekmWARX4/Rl213RjcsK9gHtUDJppg1NMkOSEcswK7/ArX6BO3Hrl/gB/ofptIIVPXDhcM693HuPFzKqtON8WCura+sbm5mt7PbO7t5+7uCwrYJIYtLCAQtk10OKMCpIS1PNSDeUBHGPkY43uZr5nTsiFQ3ErZ6GxOVoJKhPMdJG6vBBXDovJoNc3rHrtXK15sCU1C8qc1ItVWDBdlLkwQLNQe6zPwxwxInQmCGlegUn1G6MpKaYkSTbjxQJEZ6gEekZKhAnyo3TcxN4apQh9ANpSmiYqj8nYsSVmnLPdHKkx+q3NxP/8nqR9mtuTEUYaSLwfJEfMagDOPsdDqkkWLOpIQhLam6FeIwkwtoktLTl3jdqkjW5fD8P/yftol0o25Wbcr5xuUgoA47BCTgDBVAFDXANmqAFMJiAR/AEnq0H68V6td7mrSvWYuYILMF6/wLU3ZeO</latexit>

Te
V

eV

10+1

10+0

10-1

Planck
C

M
B-S4

(�Ne↵)3/2 > 0.057

<latexit sha1_base64="1yNhNW8rdV/pAzu73RpGaZIyoF4="></latexit>

Planck bound 
on hot relics, 
m3/2 < 4.7 eV
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For  eV, gravitinos decouple below 100 GeV;m3/2 < 1
[CMB-S4 Science Book]
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Results
& where we’re going next

Better data coming soon!

TX = 0.91 K

mX (95% CL)
BOSS + Planck DESI + S4

Scalar 11.2 eV 0.94 eV
Weyl 2.26 eV 0.58 eV

Vector 1.58 eV –
Dirac 1.06 eV –

[Deporzio, WLX, Mũnoz, Dvorkin 2006.09380]

W. Linda Xu Cosmological Constraints on Light (but Massive) Relics 12/13
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eV10+110+010-1

CMB-S4+DESICMB-S4

From L. Xu’s talk
Light but Massive Relics (LiMRs)

Particles that were in thermal contact with SM at early universe,
were relativistic at decoupling, but behaves like matter today.

W. Linda Xu Cosmological Constraints on Light (but Massive) Relics 3/13Spectrum-independent 
exclusion/discovery of 

low-scale SUSY…

13



Discrete symmetries

Still a plethora of new particles corresponding to a symmetry solution, 
not interacting via SM gauge forces but coupling to Higgs.

Higgs is a pNGB of the 
accidental SU(4)…

�V = � 6y2t
16⇡2

⇤2
�
|HA|2 + |HB |2

�
+ . . .

E.g. “Twin Higgs” [Chacko, Goh, Harnik ’05, …] 
David Curtin’s talk
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Consider SM + mirror SM with identical couplings. 
Combined Higgs potential has an accidental SU(4) 

global symmetry from SU(2) x SU(2) x Z2. 
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…but spectrum 
only respects a Z2



Cosmology is Key
The problem: thermal history of Z2-symmetric 
theory has too much energy density in twin ν, γ

• decouples while 
relativistic 

• decays some time 
thereafter 

• decays primarily 
to A (SM)

Preserve symmetry & reconcile w/ current limits if 
energy density set by neutral particle N that

Easy to do w/ symmetric coupling to HA, HB

�Ne↵ ⇡ 7.4
⇢B
⇢A

����
BBN

⇡ 5.6

[C
urtin, G

ryba ’21]  

Signals predominantly in CMB-S4

15
[Chacko, NC, Fox, Harnik ’16; NC, Koren, Trott ’16]

D. Curtin’s talk: plethora of exotic astrophysical 
signals if CMB-S4 sees anomalous Neff 
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NNaturalness
[Arkani-Hamed, Cohen, D’Agnolo, Hook, Kim, Pinner ‘16]

N copies of the SM w/ UV scale ΛH

Random UV contributions to Higgs 
mass-squared → distribution of mH2 

between ±ΛH²

At least 1 copy w/

⇤H/
p
N
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Why does copy w/ smallest mH dominate? Cosmology.
Reheaton φ starts universe via φ |Hi|² couplings
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N Higgses…in the sky

[Arkani-Hamed, Cohen, D’Agnolo, Hook, Kim, Pinner ‘16]

[Arkani-Ham
ed, Cohen, D’Agnolo, Hook, Kim

, Pinner ‘16]

All sectors reheated by some amount ⇒ dark radiation

⇢i
⇢us

=
�i

�us

Dominated 
by sectors 
with similar 

scales

(r=1 ↔ flat mH2; r<1 ↔ larger splitting) 
Primary signals in dark radiation, extensive coverage by CMB-S4 

See also [Choi, Chiang, Loverde ’18]
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Strong CP Problem
Classical version: bound on neutron EDM

“implies” up, down quarks aligned to within 10-12

|dn| . 3⇥ 10�26 e cm

Quantum version: naively O(1) CP-violating θ parameter                                     is actually < 10-10

Many solutions; axion preferred because it can relax 
away all contributions to , furnish a DM candidate, etc.θ
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Model independent Model dependent
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Strong CP Problem

[Baumann, Green, Wallisch ’16]

From B. Wallisch’s talk

If ever in thermal equilibrium w/ SM, 
sub-eV axions constrainable by ; 

only alternative is to have TF>TR

ΔNeff
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Cosmic Axion Background
From N. Rodd’s talk [Dror, Murayama, Rodd ’21]
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Flavor Puzzle

+ signs of lepton 
flavor universality 

violation?

Hints of an 
organizing 
principle…
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<latexit sha1_base64="ky5JeqR7hAvP7PAuPUfOz6giUwQ="></latexit>
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Familons

U(3)5 ! U(1)B ⇥ U(1)L

<latexit sha1_base64="JDQWphLSwfcHWSp/kHbqf9ScolA="></latexit>

L =
1

⇤
@µf

aJµa

<latexit sha1_base64="/BWWD5Gu5PsE//21g1JiwPdfx6M="></latexit>

What if some of the pattern of SM 
flavor symmetry breaking

is spontaneous? Expect 
goldstone bosons (familons) 
coupling to SM fermions via

Generate thermal population via 
freeze-in; sub-eV axions 
constrainable by ΔNeff

B. Wallisch’s talk
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JiJi Fan’s talk: Modulating Fields and the CMBRui An’s talk: CMB and BBN constraints 
on light thermally coupled WIMPs  
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Who Ordered That?

}
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• Any sub-eV particle 
decoupling from SM 
between EW phase 
transition and QCD 
phase transition. 

• More than ~one copy of 
any sub-eV particle ever 
in thermal equilibrium 
with the SM.

CMB-S4 sensitive to:

Extraordinary opportunity for  
“who ordered that”…
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Thank you!


