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Paul Gauguin — Where do we come from? What are we? Where are we going?
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Standard Model General Relativity

“�geometry�=�matter�”

Where are we?
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1. (My) highlights from the US P5 report

2. Gravitational waves and particle physics

3. Dark matter cornucopia

5. Gravity and Effective Field Theory

6. QFT in the non-perturbative regime

4. Strong-CP and flavor — beyond the QCD axion
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Report of the 2023 Particle Physics Project Prioritization Panel

Executive Summary ix

Particle physics studies the smallest constituents of our vast and 
complex universe. At such small scales, the fundamental principles 
of quantum physics prevail. Remarkably, the entire observable uni-
verse, now billions of light years across, was once small enough to 
be quantum in nature. Its quantum history is imprinted on its large-
scale structure. 

Past successes in particle physics have revolutionized our understanding of the universe 
and prompted a new set of questions. Collectively, these questions have spurred the 
construction of state-of-the-art facilities, from particle accelerators to telescopes, that 
will illuminate the profound connections between the very small and the very large. We 
stand on the threshold of a new era of insight and discovery.

The 2023 Particle Physics Project Prioritization Panel (P5) was charged with devel-
oping a 10-year strategic plan for US particle physics, in the context of a 20-year global 
strategy and two constrained budget scenarios. An essential source of input was the 2021 
Snowmass Community Planning Exercise organized by the Division of Particles and Fields 
of the American Physical Society. The panel received additional input from several other 
sources, including town hall meetings, laboratory visits, and individual communications. 
We found this input aligned with three overarching science themes. Within each theme we 
identified two focus areas, or science drivers, that represent the most promising avenues 
of investigation for the next 10 to 20 years.

Decipher  
the  
Quantum 
Realm

Elucidate the Mysteries  
of Neutrinos

Reveal the Secrets of  
the Higgs Boson

Explore  
New  
Paradigms  
in Physics

Search for Direct Evidence 
of New Particles

Pursue Quantum Imprints  
of New Phenomena

Illuminate  
the  
Hidden  
Universe

Determine the Nature  
of Dark Matter

Understand What Drives 
Cosmic Evolution

Task: develop 10-year strategic plan for US particle physics

Input: 2021 Snowmass Community Planning Exercise (US and global community)

P5 = Particle Physics Project Prioritization Panel

Output: ~ 150 page report with specific recommendations for funding agencies

Impact: TBD — but report best summary of  community consensus at present

3 overarching science themes, with 2 focus areas each:



The Higgs at Colliders

&
Strong collider program central for 

present and future of  particle physics 

Higgs properties — and the Higgs potential — linked 
to many of  the outstanding puzzles in particle physics

Exploring the properties of  the Higgs 
as a path to advance particle physics

EWSB,�flavor,�baryogenesis…
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The Higgs at Colliders

• LHC (ATLAS, CMS) until end of  Run 3 (2026)

• HL-LHC (starting 2029)

Higgs self-couplings (~ 50%)

Higgs         invisible (few × 1%)

first�time�Higgs�potential�tested�experimentally!!

Higgs to SM couplings (~1% or less)
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Future progress requires higher energies

• R&D towards a 10 TeV parton-COM — e.g. 100 TeV proton collider (FCC-hh), or 
10 TeV muon or e+e collider



Towards a 10 TeV parton-COM Collider

Future progress requires higher energies

• R&D towards a 10 TeV parton-COM — e.g. 100 TeV proton collider (FCC-hh), or 
10 TeV muon or e+e collider

• Aggressive R&D to determine feasibility/parameters of  a muon collider at Fermilab

*�For�more,�see:�“Inaugural�US�Muon�Collider�Meeting”�@�Fermilab�August�2024

*



Towards a 10 TeV parton-COM Collider

Future progress requires higher energies

• At minimum:

• R&D towards a 10 TeV parton-COM — e.g. 100 TeV proton collider (FCC-hh), or 
10 TeV muon or e+e collider

- Higgs potential (self-couplings) at the percent level

- New resonances: e.g.      up to 45 TeV directly, and 100 TeV indirectly (      )
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Z 0

- Ultimate sensitivity for other Higgses

*�For�more,�see:�“Inaugural�US�Muon�Collider�Meeting”�@�Fermilab�August�2024

• Aggressive R&D to determine feasibility/parameters of  a muon collider at Fermilab *



Towards a 10 TeV parton-COM Collider

Future progress requires higher energies

• At minimum:

• R&D towards a 10 TeV parton-COM — e.g. 100 TeV proton collider (FCC-hh), or 
10 TeV muon or e+e collider

In the end: only way to directly probe physics at the smaller distances

- Higgs potential (self-couplings) at the percent level

- New resonances: e.g.      up to 45 TeV directly, and 100 TeV indirectly (      )
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• Aggressive R&D to determine feasibility/parameters of  a muon collider at Fermilab *



Precision Cosmology
Continue strong support for cosmology as a precision science 

via galaxy surveys and precision CMB measurements

• CMB-S4

Primordial GWs from inflation
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Precision Cosmology

Also...�Simons�Observatory�(100%�financed�by�Simons�Foundation)

Continue strong support for cosmology as a precision science 
via galaxy surveys and precision CMB measurements

• CMB-S4
-ish... Primordial GWs from inflation
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Precision Cosmology

• LSST (Legacy Survey of  Space and Time) and LSST Dark Energy Science 
Collaboration at the Rubin observatory

Also...�Simons�Observatory�(100%�financed�by�Simons�Foundation)

Continue strong support for cosmology as a precision science 
via galaxy surveys and precision CMB measurements

• DESI (Dark Energy Spectroscopic Instrument) and DESI-II arXiv:2404.03002

• CMB-S4
-ish... Primordial GWs from inflation
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Precision Cosmology

• LSST (Legacy Survey of  Space and Time) and LSST Dark Energy Science 
Collaboration at the Rubin observatory

Also...�Simons�Observatory�(100%�financed�by�Simons�Foundation)

Continue strong support for cosmology as a precision science 
via galaxy surveys and precision CMB measurements

Most powerful when combined: galaxy surveys and CMB 
measurements will provide strongest test of  ΛCDM paradigm

• DESI (Dark Energy Spectroscopic Instrument) and DESI-II arXiv:2404.03002

• CMB-S4
-ish... Primordial GWs from inflation
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• For WIMPs, via direct detection experiments like DarkSide-20k, LZ, SuperCDMS, 
XENONnT

The search for Dark Matter continues…



• For WIMPs, via direct detection experiments like DarkSide-20k, LZ, SuperCDMS, 
XENONnT

just�reached�“neutrino�fog”

The search for Dark Matter continues…



• Non-WIMPs (e.g. QCD axion, other light bosons…) via small-scale experiments

• For WIMPs, via direct detection experiments like DarkSide-20k, LZ, SuperCDMS, 
XENONnT

just�reached�“neutrino�fog”
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• Non-WIMPs (e.g. QCD axion, other light bosons…) via small-scale experiments

• For WIMPs, via direct detection experiments like DarkSide-20k, LZ, SuperCDMS, 
XENONnT

just�reached�“neutrino�fog”
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Medium-scale precision experiments

• Strong commitment to LHCb and Belle II (and upgrades)

• Muon g-2, Mu2e

Flavor and CP structure of  the SM one of  the enduring mysteries of  particle physics



Medium-scale precision experiments

• Strong commitment to LHCb and Belle II (and upgrades)

Theory

• Emphasis on critical role of  theory to drive field forward, beyond its connection to 
individual experimental projects: new answers, new questions

• Muon g-2, Mu2e

• Recognition of  multiple exciting theoretical developments

• Vital to provide framework/motivation for experiments and their interpretation

more�later...

Flavor and CP structure of  the SM one of  the enduring mysteries of  particle physics



Today…

1. (My) highlights from the US P5 report

2. Gravitational waves and particle physics

3. Dark matter cornucopia

5. Gravity and Effective Field Theory

6. QFT in the non-perturbative regime

4. Strong-CP and flavor — beyond the QCD axion



Gravitational Waves and Particle Physics
Gravitational wave detectors provide a new window into our Universe

Customise Plot

For details of the data and various conventions used, see this paper on the arXiv. For a less technical discussion, this blog post provides a good introduction.
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Updates

30 September 2016

The Cosmic Explorer sensitivity curve has been added to the plots.

This curve is reproduced from Exploring the Sensitivity of Next Generation Gravitational Wave Detectors; it is the reference curve labelled "Total Noise" in Figure 1.

Data for the Cosmic Explorer sensitivity curve is available from the LIGO Document Control Center.
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g
w
h
2



Beyond astrophysics, gravitational wave detectors 
are a powerful probe of  our cosmological history

Gravitational Waves and Particle Physics



Beyond astrophysics, gravitational wave detectors 
are a powerful probe of  our cosmological history

Current frequency of  primordial gravitational waves:

corresponds to temperatures
<latexit sha1_base64="7pV543DX8hhwLJKaFpGudJV3v1o=">AAACFXicbZDLSgNBEEV74ivGV9Slm8YgiGiYkaAuA27cCBGSKGTG0NOpJE16HnTXiGHIT7jxV9y4UMSt4M6/sZMM4utCw+VUFdV1/VgKjbb9YeVmZufmF/KLhaXlldW14vpGU0eJ4tDgkYzUlc80SBFCAwVKuIoVsMCXcOkPTsf1yxtQWkRhHYcxeAHrhaIrOEOD2sX9enuPuloE1LGpS12EW0zPoTmiB4ZcH3+xumHtYsku2xPRv8bJTIlkqrWL724n4kkAIXLJtG45doxeyhQKLmFUcBMNMeMD1oOWsSELQHvp5KoR3TGkQ7uRMi9EOqHfJ1IWaD0MfNMZMOzr37Ux/K/WSrB74qUijBOEkE8XdRNJMaLjiGhHKOAoh8YwroT5K+V9phhHE2TBhOD8PvmvaR6WnaNy5aJSqp5kceTJFtkmu8Qhx6RKzkiNNAgnd+SBPJFn6956tF6s12lrzspmNskPWW+fSEGcaQ==</latexit>

T⇤ ⇠ 10 MeV� 107 TeV
<latexit sha1_base64="zcZNnhhXZaFk+C0LF8FLa0un45k=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF49V7Ae0oWy2m3bpJht2J0oJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqGZVqxptMSaU7ATVcipg3UaDknURzGgWSt4PxzcxvP3JthIofcJJwP6LDWISCUbRSt3cvhiOkWqunfrniVt05yCrxclKBHI1++as3UCyNeIxMUmO6npugn1GNgkk+LfVSwxPKxnTIu5bGNOLGz+YnT8mZVQYkVNpWjGSu/p7IaGTMJApsZ0RxZJa9mfif100xrPmZiJMUecwWi8JUElRk9j8ZCM0ZyokllGlhbyVsRDVlaFMq2RC85ZdXSeui6l1VL+8uK/VaHkcRTuAUzsGDa6jDLTSgCQwUPMMrvDnovDjvzseiteDkM8fwB87nD5EHkWw=</latexit>)

�*�large�chuck�of�our�cosmological�history�after�inflation�and�before�BBN�*

<latexit sha1_base64="Hs/znJorW5GG7D3fzuZtwkkQLHE="></latexit>
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<latexit sha1_base64="F5SJyMOK08TVM7Me1InN6XwCDSY=">AAACD3icbZC7TsMwFIYdrqXcAowsFhWIhSpBFXSsxNKxSPQiNVXluE5r1XEi+wRRor4BC6/CwgBCrKxsvA1um6G0/JKlX985R8fn92PBNTjOj7Wyura+sZnbym/v7O7t2weHDR0lirI6jUSkWj7RTHDJ6sBBsFasGAl9wZr+8GZSb94zpXkk72AUs05I+pIHnBIwqGufBdjTPMQu9rAH7AFSWX0c44s5MDSgaxecojMVXjZuZgooU61rf3u9iCYhk0AF0brtOjF0UqKAU8HGeS/RLCZ0SPqsbawkIdOddHrPGJ8a0sNBpMyTgKd0fiIlodaj0DedIYGBXqxN4H+1dgJBuZNyGSfAJJ0tChKBIcKTcHCPK0ZBjIwhVHHzV0wHRBEKJsK8CcFdPHnZNC6L7lWxdFsqVMpZHDl0jE7QOXLRNaqgKqqhOqLoCb2gN/RuPVuv1of1OWtdsbKZI/RH1tcvbq6bBw==</latexit>

f ⇠ 1 nHz� 1 kHz
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Beyond astrophysics, gravitational wave detectors 
are a powerful probe of  our cosmological history

Current frequency of  primordial gravitational waves:

corresponds to temperatures
<latexit sha1_base64="7pV543DX8hhwLJKaFpGudJV3v1o=">AAACFXicbZDLSgNBEEV74ivGV9Slm8YgiGiYkaAuA27cCBGSKGTG0NOpJE16HnTXiGHIT7jxV9y4UMSt4M6/sZMM4utCw+VUFdV1/VgKjbb9YeVmZufmF/KLhaXlldW14vpGU0eJ4tDgkYzUlc80SBFCAwVKuIoVsMCXcOkPTsf1yxtQWkRhHYcxeAHrhaIrOEOD2sX9enuPuloE1LGpS12EW0zPoTmiB4ZcH3+xumHtYsku2xPRv8bJTIlkqrWL724n4kkAIXLJtG45doxeyhQKLmFUcBMNMeMD1oOWsSELQHvp5KoR3TGkQ7uRMi9EOqHfJ1IWaD0MfNMZMOzr37Ux/K/WSrB74qUijBOEkE8XdRNJMaLjiGhHKOAoh8YwroT5K+V9phhHE2TBhOD8PvmvaR6WnaNy5aJSqp5kceTJFtkmu8Qhx6RKzkiNNAgnd+SBPJFn6956tF6s12lrzspmNskPWW+fSEGcaQ==</latexit>

T⇤ ⇠ 10 MeV� 107 TeV
<latexit sha1_base64="zcZNnhhXZaFk+C0LF8FLa0un45k=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF49V7Ae0oWy2m3bpJht2J0oJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqGZVqxptMSaU7ATVcipg3UaDknURzGgWSt4PxzcxvP3JthIofcJJwP6LDWISCUbRSt3cvhiOkWqunfrniVt05yCrxclKBHI1++as3UCyNeIxMUmO6npugn1GNgkk+LfVSwxPKxnTIu5bGNOLGz+YnT8mZVQYkVNpWjGSu/p7IaGTMJApsZ0RxZJa9mfif100xrPmZiJMUecwWi8JUElRk9j8ZCM0ZyokllGlhbyVsRDVlaFMq2RC85ZdXSeui6l1VL+8uK/VaHkcRTuAUzsGDa6jDLTSgCQwUPMMrvDnovDjvzseiteDkM8fwB87nD5EHkWw=</latexit>)

�*�large�chuck�of�our�cosmological�history�after�inflation�and�before�BBN�*

• Observation of  primordial gravitational waves would be first direct probe of  the 
early Universe prior to BBN

• Gravitational wave detectors probe the existence of  new d.o.f./hidden sectors 
even if  they only interact with the Standard Model gravitationally

<latexit sha1_base64="Hs/znJorW5GG7D3fzuZtwkkQLHE="></latexit>
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<latexit sha1_base64="F5SJyMOK08TVM7Me1InN6XwCDSY=">AAACD3icbZC7TsMwFIYdrqXcAowsFhWIhSpBFXSsxNKxSPQiNVXluE5r1XEi+wRRor4BC6/CwgBCrKxsvA1um6G0/JKlX985R8fn92PBNTjOj7Wyura+sZnbym/v7O7t2weHDR0lirI6jUSkWj7RTHDJ6sBBsFasGAl9wZr+8GZSb94zpXkk72AUs05I+pIHnBIwqGufBdjTPMQu9rAH7AFSWX0c44s5MDSgaxecojMVXjZuZgooU61rf3u9iCYhk0AF0brtOjF0UqKAU8HGeS/RLCZ0SPqsbawkIdOddHrPGJ8a0sNBpMyTgKd0fiIlodaj0DedIYGBXqxN4H+1dgJBuZNyGSfAJJ0tChKBIcKTcHCPK0ZBjIwhVHHzV0wHRBEKJsK8CcFdPHnZNC6L7lWxdFsqVMpZHDl0jE7QOXLRNaqgKqqhOqLoCb2gN/RuPVuv1of1OWtdsbKZI/RH1tcvbq6bBw==</latexit>

f ⇠ 1 nHz� 1 kHz

Gravitational Waves and Particle Physics



Gravitational Waves and Particle Physics
Cosmological phase transitions that occur via bubble nucleation a well-motivated possibility

both�in�(minimal)�extensions�of�the�SM�and�in�more�general�hidden�sectors



Gravitational Waves and Particle Physics
Cosmological phase transitions that occur via bubble nucleation a well-motivated possibility

both�in�(minimal)�extensions�of�the�SM�and�in�more�general�hidden�sectors

<latexit sha1_base64="n2KEGauCUcTkLx6XuksKTFlrB4Y=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0WpgiXRol0W3HRZoS9oYphMJ+3QyYOZiVBC/sCNv+LGhSJu3brzb5ymWWjrgYFzz7mXO/e4EaNCGsa3VlhZXVvfKG6WtrZ3dvf0/YOuCGOOSQeHLOR9FwnCaEA6kkpG+hEnyHcZ6bmT25nfeyBc0DBoy2lEbB+NAupRjKSSHP3U8jjCSbPSds7P7pOLqzTNCiMvoMUYg6ajl42qkQEuEzMnZZCj5ehf1jDEsU8CiRkSYmAakbQTxCXFjKQlKxYkQniCRmSgaIB8IuwkuyeFJ0oZQi/k6gUSZurviQT5Qkx9V3X6SI7FojcT//MGsfTqdkKDKJYkwPNFXsygDOEsHDiknGDJpoogzKn6K8RjpAKSKsKSCsFcPHmZdC+r5nW1dlcrN+p5HEVwBI5BBZjgBjRAE7RAB2DwCJ7BK3jTnrQX7V37mLcWtHzmEPyB9vkDpPWafQ==</latexit>

H(T⇤)�3

H(T0)�3
n 1Several collisions per Hubble volume, plus <latexit sha1_base64="zcZNnhhXZaFk+C0LF8FLa0un45k=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF49V7Ae0oWy2m3bpJht2J0oJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqGZVqxptMSaU7ATVcipg3UaDknURzGgWSt4PxzcxvP3JthIofcJJwP6LDWISCUbRSt3cvhiOkWqunfrniVt05yCrxclKBHI1++as3UCyNeIxMUmO6npugn1GNgkk+LfVSwxPKxnTIu5bGNOLGz+YnT8mZVQYkVNpWjGSu/p7IaGTMJApsZ0RxZJa9mfif100xrPmZiJMUecwWi8JUElRk9j8ZCM0ZyokllGlhbyVsRDVlaFMq2RC85ZdXSeui6l1VL+8uK/VaHkcRTuAUzsGDa6jDLTSgCQwUPMMrvDnovDjvzseiteDkM8fwB87nD5EHkWw=</latexit>) stochastic background

Hogan (1986); Kosowsky, Turner, Watkins (1992); 
Kamionkowski, Kosowsky, Turner [astro-ph/9310044]

Bubble wall collisions a significant 
source of  gravitational waves



Gravitational Waves and Particle Physics
Cosmological phase transitions that occur via bubble nucleation a well-motivated possibility

both�in�(minimal)�extensions�of�the�SM�and�in�more�general�hidden�sectors

<latexit sha1_base64="n2KEGauCUcTkLx6XuksKTFlrB4Y=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0WpgiXRol0W3HRZoS9oYphMJ+3QyYOZiVBC/sCNv+LGhSJu3brzb5ymWWjrgYFzz7mXO/e4EaNCGsa3VlhZXVvfKG6WtrZ3dvf0/YOuCGOOSQeHLOR9FwnCaEA6kkpG+hEnyHcZ6bmT25nfeyBc0DBoy2lEbB+NAupRjKSSHP3U8jjCSbPSds7P7pOLqzTNCiMvoMUYg6ajl42qkQEuEzMnZZCj5ehf1jDEsU8CiRkSYmAakbQTxCXFjKQlKxYkQniCRmSgaIB8IuwkuyeFJ0oZQi/k6gUSZurviQT5Qkx9V3X6SI7FojcT//MGsfTqdkKDKJYkwPNFXsygDOEsHDiknGDJpoogzKn6K8RjpAKSKsKSCsFcPHmZdC+r5nW1dlcrN+p5HEVwBI5BBZjgBjRAE7RAB2DwCJ7BK3jTnrQX7V37mLcWtHzmEPyB9vkDpPWafQ==</latexit>

H(T⇤)�3

H(T0)�3
n 1Several collisions per Hubble volume, plus <latexit sha1_base64="zcZNnhhXZaFk+C0LF8FLa0un45k=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF49V7Ae0oWy2m3bpJht2J0oJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqGZVqxptMSaU7ATVcipg3UaDknURzGgWSt4PxzcxvP3JthIofcJJwP6LDWISCUbRSt3cvhiOkWqunfrniVt05yCrxclKBHI1++as3UCyNeIxMUmO6npugn1GNgkk+LfVSwxPKxnTIu5bGNOLGz+YnT8mZVQYkVNpWjGSu/p7IaGTMJApsZ0RxZJa9mfif100xrPmZiJMUecwWi8JUElRk9j8ZCM0ZyokllGlhbyVsRDVlaFMq2RC85ZdXSeui6l1VL+8uK/VaHkcRTuAUzsGDa6jDLTSgCQwUPMMrvDnovDjvzseiteDkM8fwB87nD5EHkWw=</latexit>) stochastic background

Hogan (1986); Kosowsky, Turner, Watkins (1992); 
Kamionkowski, Kosowsky, Turner [astro-ph/9310044]

Bubble wall collisions a significant 
source of  gravitational waves

see e.g. [1512.06239] & [1910.13125] by LISA Cosmology Working Group

<latexit sha1_base64="wciO34Ud3SNAS5mSF1BS52mJMy0="></latexit>

f0 ⇠ R�1 ⇥ T0

T⇤
⇠ x�1 T⇤T0

MPl

<latexit sha1_base64="Ktate2CTbnkghgpsIaCCTXyZT+4=">AAACInicbVDLSgNBEJz1GeMr6tHLYBDEQ9iVoPEW8GCOCiYRsiHMTnp1cGZ3mekV47Lf4sVf8eJBUU+CH+PkgfgqaCiquunuChIpDLruuzM1PTM7N19YKC4uLa+sltbWWyZONYcmj2WszwNmQIoImihQwnmigalAQju4Ohr67WvQRsTRGQ4S6Cp2EYlQcIZW6pUOfSMU9alny0e4wUw1bnNLhQJD/VAznp31dvPMc92vlmNo5XmvVHYr7gj0L/EmpEwmOOmVXv1+zFMFEXLJjOl4boLdjGkUXEJe9FMDCeNX7AI6lkbMXtDNRi/mdNsqfRrG2laEdKR+n8iYMmagAtupGF6a395Q/M/rpBjWupmIkhQh4uNFYSopxnSYF+0LDRzlwBLGtbC3Un7JbCxoUy3aELzfL/8lrb2Kt1+pnlbL9dokjgLZJFtkh3jkgNRJg5yQJuHkjjyQJ/Ls3DuPzovzNm6dciYzG+QHnI9PdfejBQ==</latexit>

⇠ 1 mHz⇥ T⇤
100 GeV

e.g.

LISA will probe the nature of  the electroweak scale
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Gravitational Waves and Particle Physics

Beyond phase transitions…

• Collapse of  domain wall networks

• Cosmic string dynamics

Beyond current/planned detectors…

• New ideas for         gravitational wave detection
<latexit sha1_base64="GEHK3F/3HxiLMeq+mcIwhCRUkwM=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKLzwFvOQYwTwgWcLsZDYZMjO7zvQG45Lv8OJBEa9+jDf/xkmyB00saCiquunuCmLBDbjut5NbWV1b38hvFra2d3b3ivsHDRMlmrI6jUSkWwExTHDF6sBBsFasGZGBYM1geDv1myOmDY/UPYxj5kvSVzzklICV/I5McAfYI6TVp0m3WHLL7gx4mXgZKaEMtW7xq9OLaCKZAiqIMW3PjcFPiQZOBZsUOolhMaFD0mdtSxWRzPjp7OgJPrFKD4eRtqUAz9TfEymRxoxlYDslgYFZ9Kbif147gfDaT7mKE2CKzheFicAQ4WkCuMc1oyDGlhCqub0V0wHRhILNqWBD8BZfXiaNs7J3Wb64Oy9VbrI48ugIHaNT5KErVEFVVEN1RNEDekav6M0ZOS/Ou/Mxb8052cwh+gPn8wf1DpI3</latexit>

µHz

e.g. Fedderke, Graham, Rajendran [2112.11431]

Fedderke, Graham, Macintosh, Rajendran [2112.11431]

At the moment: stochastic GW signal seen by pulsar timing arrays, with origin TBD…

see NANOGrav [2306.16213], EPTA [2306.16214], PPTA [2306.16215] & CPTA [2306.16216]



Gravitational Waves and Particle Physics

Beyond phase transitions…

• Collapse of  domain wall networks

• Cosmic string dynamics

Beyond current/planned detectors…

• New ideas for         gravitational wave detection
<latexit sha1_base64="GEHK3F/3HxiLMeq+mcIwhCRUkwM=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKLzwFvOQYwTwgWcLsZDYZMjO7zvQG45Lv8OJBEa9+jDf/xkmyB00saCiquunuCmLBDbjut5NbWV1b38hvFra2d3b3ivsHDRMlmrI6jUSkWwExTHDF6sBBsFasGZGBYM1geDv1myOmDY/UPYxj5kvSVzzklICV/I5McAfYI6TVp0m3WHLL7gx4mXgZKaEMtW7xq9OLaCKZAiqIMW3PjcFPiQZOBZsUOolhMaFD0mdtSxWRzPjp7OgJPrFKD4eRtqUAz9TfEymRxoxlYDslgYFZ9Kbif147gfDaT7mKE2CKzheFicAQ4WkCuMc1oyDGlhCqub0V0wHRhILNqWBD8BZfXiaNs7J3Wb64Oy9VbrI48ugIHaNT5KErVEFVVEN1RNEDekav6M0ZOS/Ou/Mxb8052cwh+gPn8wf1DpI3</latexit>

µHz

e.g. Fedderke, Graham, Rajendran [2112.11431]

Fedderke, Graham, Macintosh, Rajendran [2112.11431]

• Beyond-the-SM sources of  gravitational waves at                     and                   , 
but no competitive experiments

<latexit sha1_base64="fbzdMpO5LCKvlxdQtHlv5ijt/sc=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkoivnAhBTddVrAPaEKZTCft0MmDmRsxhvorblwo4tYPceffOG2z0NYDFw7n3Mu993ix4Aos69soLC2vrK4V10sbm1vbO+buXktFiaSsSSMRyY5HFBM8ZE3gIFgnlowEnmBtb3Qz8dv3TCoehXeQxswNyCDkPqcEtNQzyz6+xjZ2jrED7AGyUf1x3DMrVtWaAi8SOycVlKPRM7+cfkSTgIVABVGqa1sxuBmRwKlg45KTKBYTOiID1tU0JAFTbjY9fowPtdLHfiR1hYCn6u+JjARKpYGnOwMCQzXvTcT/vG4C/qWb8TBOgIV0tshPBIYIT5LAfS4ZBZFqQqjk+lZMh0QSCjqvkg7Bnn95kbROqvZ59ez2tFK7yuMoon10gI6QjS5QDdVRAzURRSl6Rq/ozXgyXox342PWWjDymTL6A+PzB74Uk44=</latexit>

f > 1 kHz
<latexit sha1_base64="DR3qipWYCqRABcYOyZud9TaJB/w=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkoivhAXBTddVrAPaEqZTCft0MkkzNyINdRfceNCEbd+iDv/xmmbhbYeuHA4517uvcePBdfgON9Wbml5ZXUtv17Y2Nza3rF39xo6ShRldRqJSLV8opngktWBg2CtWDES+oI1/eHNxG/eM6V5JO9gFLNOSPqSB5wSMFLXLgb4GrvYO8YesAdIZfVx3LVLTtmZAi8SNyMllKHWtb+8XkSTkEmggmjddp0YOilRwKlg44KXaBYTOiR91jZUkpDpTjo9fowPjdLDQaRMScBT9fdESkKtR6FvOkMCAz3vTcT/vHYCwWUn5TJOgEk6WxQkAkOEJ0ngHleMghgZQqji5lZMB0QRCiavggnBnX95kTROyu55+ez2tFS5yuLIo310gI6Qiy5QBVVRDdURRSP0jF7Rm/VkvVjv1sesNWdlM0X0B9bnD7+Bk48=</latexit>

f < 1 nHz

At the moment: stochastic GW signal seen by pulsar timing arrays, with origin TBD…

see NANOGrav [2306.16213], EPTA [2306.16214], PPTA [2306.16215] & CPTA [2306.16216]



Today…

1. (My) highlights from the US P5 report

2. Gravitational waves and particle physics

3. Dark matter cornucopia

5. Gravity and Effective Field Theory

6. QFT in the non-perturbative regime

4. Strong-CP and flavor — beyond the QCD axion
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WIMPs
• A lot of  WIMP parameter space explored by direct detection experiments…

all�the�way�down�to�the�“neutrino�fog”�(XENONnT)

• Still regions of  parameter space left to explore

• Also important to consider other dark matter candidates…



Light bosonic dark matter
Dark matter particle could be as light as

<latexit sha1_base64="sK4Xh2JAWPgpLr1VbNQqakDSFqA=">AAACAnicbVDJSgNBEO2JW4zbqCfx0hgEL4aZ4JJjwIvHCGaBTAw9nUrSpGehu0YMQ/Dir3jxoIhXv8Kbf2NnOWjig4LHe1VU1fNjKTQ6zreVWVpeWV3Lruc2Nre2d+zdvZqOEsWhyiMZqYbPNEgRQhUFSmjECljgS6j7g6uxX78HpUUU3uIwhlbAeqHoCs7QSG37wNMioK5zl54WiyPqUQ/hAVOojdp23ik4E9BF4s5InsxQadtfXifiSQAhcsm0brpOjK2UKRRcwijnJRpixgesB01DQxaAbqWTF0b02Cgd2o2UqRDpRP09kbJA62Hgm86AYV/Pe2PxP6+ZYLfUSkUYJwghny7qJpJiRMd50I5QwFEODWFcCXMr5X2mGEeTWs6E4M6/vEhqxYJ7UTi/OcuXS7M4suSQHJET4pJLUibXpEKqhJNH8kxeyZv1ZL1Y79bHtDVjzWb2yR9Ynz9e2pYi</latexit>

⇠ 10�22 eV

very light, weakly coupled, bosonic dark matter<latexit sha1_base64="BNmUZYLYnbswgNb+gP4Pm8rZMUE=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYBA8hV3xkWPAi8co5gHJEmYns8mQ2Z1lplcJSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsGpVqxhtMSaXbATVcipg3UKDk7URzGgWSt4LRzdRvPXJthIofcJxwP6KDWISCUbRSp3svBkOkWqunXqnsVtwZyDLxclKGHPVe6avbVyyNeIxMUmM6npugn1GNgkk+KXZTwxPKRnTAO5bGNOLGz2YnT8ipVfokVNpWjGSm/p7IaGTMOApsZ0RxaBa9qfif10kxrPqZiJMUeczmi8JUElRk+j/pC80ZyrEllGlhbyVsSDVlaFMq2hC8xZeXSfO84l1VLu8uyrVqHkcBjuEEzsCDa6jBLdShAQwUPMMrvDnovDjvzse8dcXJZ47gD5zPH5FZkW0=</latexit>)

Popular�dark�matter�candidates…�for�good�reasons!



Light bosonic dark matter

• Natural production mechanism: e.g. “misalignment” (produced cold) or 
emission by cosmic strings (produced relativistic)

if�axions�exists,�they�will�make�*some*�fraction�of�the�dark�matter

• Axion-Like-Particles (ALPs) are naturally light and present in UV-completions 
of  the SM

Dark matter particle could be as light as
<latexit sha1_base64="sK4Xh2JAWPgpLr1VbNQqakDSFqA=">AAACAnicbVDJSgNBEO2JW4zbqCfx0hgEL4aZ4JJjwIvHCGaBTAw9nUrSpGehu0YMQ/Dir3jxoIhXv8Kbf2NnOWjig4LHe1VU1fNjKTQ6zreVWVpeWV3Lruc2Nre2d+zdvZqOEsWhyiMZqYbPNEgRQhUFSmjECljgS6j7g6uxX78HpUUU3uIwhlbAeqHoCs7QSG37wNMioK5zl54WiyPqUQ/hAVOojdp23ik4E9BF4s5InsxQadtfXifiSQAhcsm0brpOjK2UKRRcwijnJRpixgesB01DQxaAbqWTF0b02Cgd2o2UqRDpRP09kbJA62Hgm86AYV/Pe2PxP6+ZYLfUSkUYJwghny7qJpJiRMd50I5QwFEODWFcCXMr5X2mGEeTWs6E4M6/vEhqxYJ7UTi/OcuXS7M4suSQHJET4pJLUibXpEKqhJNH8kxeyZv1ZL1Y79bHtDVjzWb2yR9Ynz9e2pYi</latexit>

⇠ 10�22 eV

very light, weakly coupled, bosonic dark matter<latexit sha1_base64="BNmUZYLYnbswgNb+gP4Pm8rZMUE=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYBA8hV3xkWPAi8co5gHJEmYns8mQ2Z1lplcJSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsGpVqxhtMSaXbATVcipg3UKDk7URzGgWSt4LRzdRvPXJthIofcJxwP6KDWISCUbRSp3svBkOkWqunXqnsVtwZyDLxclKGHPVe6avbVyyNeIxMUmM6npugn1GNgkk+KXZTwxPKRnTAO5bGNOLGz2YnT8ipVfokVNpWjGSm/p7IaGTMOApsZ0RxaBa9qfif10kxrPqZiJMUeczmi8JUElRk+j/pC80ZyrEllGlhbyVsSDVlaFMq2hC8xZeXSfO84l1VLu8uyrVqHkcBjuEEzsCDa6jBLdShAQwUPMMrvDnovDjvzse8dcXJZ47gD5zPH5FZkW0=</latexit>)

e.g.�QCD�axion,�“string�axiverse”�axions,�etc…

Popular�dark�matter�candidates…�for�good�reasons!



Light bosonic dark matter

• Natural production mechanism: e.g. “misalignment” (produced cold) or 
emission by cosmic strings (produced relativistic)

if�axions�exists,�they�will�make�*some*�fraction�of�the�dark�matter

• Axion-Like-Particles (ALPs) are naturally light and present in UV-completions 
of  the SM

Dark matter particle could be as light as
<latexit sha1_base64="sK4Xh2JAWPgpLr1VbNQqakDSFqA=">AAACAnicbVDJSgNBEO2JW4zbqCfx0hgEL4aZ4JJjwIvHCGaBTAw9nUrSpGehu0YMQ/Dir3jxoIhXv8Kbf2NnOWjig4LHe1VU1fNjKTQ6zreVWVpeWV3Lruc2Nre2d+zdvZqOEsWhyiMZqYbPNEgRQhUFSmjECljgS6j7g6uxX78HpUUU3uIwhlbAeqHoCs7QSG37wNMioK5zl54WiyPqUQ/hAVOojdp23ik4E9BF4s5InsxQadtfXifiSQAhcsm0brpOjK2UKRRcwijnJRpixgesB01DQxaAbqWTF0b02Cgd2o2UqRDpRP09kbJA62Hgm86AYV/Pe2PxP6+ZYLfUSkUYJwghny7qJpJiRMd50I5QwFEODWFcCXMr5X2mGEeTWs6E4M6/vEhqxYJ7UTi/OcuXS7M4suSQHJET4pJLUibXpEKqhJNH8kxeyZv1ZL1Y79bHtDVjzWb2yR9Ynz9e2pYi</latexit>

⇠ 10�22 eV

very light, weakly coupled, bosonic dark matter<latexit sha1_base64="BNmUZYLYnbswgNb+gP4Pm8rZMUE=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYBA8hV3xkWPAi8co5gHJEmYns8mQ2Z1lplcJSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsGpVqxhtMSaXbATVcipg3UKDk7URzGgWSt4LRzdRvPXJthIofcJxwP6KDWISCUbRSp3svBkOkWqunXqnsVtwZyDLxclKGHPVe6avbVyyNeIxMUmM6npugn1GNgkk+KXZTwxPKRnTAO5bGNOLGz2YnT8ipVfokVNpWjGSm/p7IaGTMOApsZ0RxaBa9qfif10kxrPqZiJMUeczmi8JUElRk+j/pC80ZyrEllGlhbyVsSDVlaFMq2hC8xZeXSfO84l1VLu8uyrVqHkcBjuEEzsCDa6jBLdShAQwUPMMrvDnovDjvzse8dcXJZ47gD5zPH5FZkW0=</latexit>)

e.g.�QCD�axion,�“string�axiverse”�axions,�etc…

• Difficulty: vast parameter space of  mass and couplings…

Popular�dark�matter�candidates…�for�good�reasons!



Asymmetric Dark Matter
Observationally:

⌦DM

⌦baryon
= O(1)

<latexit sha1_base64="GrUyLY9CrKT2iKqoAPnzfH8hi1A=">AAACJXicbVBNSwMxEM36WetX1aOXYBHqpeyqoAeFgh68SBWsLXRLmU2zbTDJLklWKMv+GS/+FS8eLCJ48q+YrT1o64OBx3szzMwLYs60cd1PZ25+YXFpubBSXF1b39gsbW3f6yhRhDZIxCPVCkBTziRtGGY4bcWKggg4bQYPF7nffKRKs0jemWFMOwL6koWMgLFSt3TmhwpI6tcF7UM39ZXAl9dZ9kcIQA0jmWX4HPsCzIAAT+tZxTvolspu1R0DzxJvQspogptuaeT3IpIIKg3hoHXbc2PTSUEZRjjNin6iaQzkAfq0bakEQXUnHX+Z4X2r9HAYKVvS4LH6eyIFofVQBLYzv1JPe7n4n9dOTHjaSZmME0Ml+VkUJhybCOeR4R5TlBg+tASIYvZWTAZgYzM22KINwZt+eZbcH1a9o+rh7XG5djaJo4B20R6qIA+doBq6QjeogQh6Qi/oDY2cZ+fVeXc+flrnnMnMDvoD5+sb5hqlbw==</latexit>



Asymmetric Dark Matter
Observationally:

⌦DM

⌦baryon
= O(1)

<latexit sha1_base64="GrUyLY9CrKT2iKqoAPnzfH8hi1A=">AAACJXicbVBNSwMxEM36WetX1aOXYBHqpeyqoAeFgh68SBWsLXRLmU2zbTDJLklWKMv+GS/+FS8eLCJ48q+YrT1o64OBx3szzMwLYs60cd1PZ25+YXFpubBSXF1b39gsbW3f6yhRhDZIxCPVCkBTziRtGGY4bcWKggg4bQYPF7nffKRKs0jemWFMOwL6koWMgLFSt3TmhwpI6tcF7UM39ZXAl9dZ9kcIQA0jmWX4HPsCzIAAT+tZxTvolspu1R0DzxJvQspogptuaeT3IpIIKg3hoHXbc2PTSUEZRjjNin6iaQzkAfq0bakEQXUnHX+Z4X2r9HAYKVvS4LH6eyIFofVQBLYzv1JPe7n4n9dOTHjaSZmME0Ml+VkUJhybCOeR4R5TlBg+tASIYvZWTAZgYzM22KINwZt+eZbcH1a9o+rh7XG5djaJo4B20R6qIA+doBq6QjeogQh6Qi/oDY2cZ+fVeXc+flrnnMnMDvoD5+sb5hqlbw==</latexit>

result�of�a�1�in�1o��� 
CP-violating�asymmetry 
in�baryons�vs�anti-baryons

10

independent�of�baryon�asymmetry



Asymmetric Dark Matter
Observationally:

⌦DM
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result�of�a�1�in�1o��� 
CP-violating�asymmetry 
in�baryons�vs�anti-baryons

10

independent�of�baryon�asymmetry

in�the�absence�of�dynamics,�this�
looks�like�an�insane�initial�condition



Asymmetric Dark Matter
Observationally:

⌦DM

⌦baryon
= O(1)
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result�of�a�1�in�1o��� 
CP-violating�asymmetry 
in�baryons�vs�anti-baryons

10

independent�of�baryon�asymmetry

in�the�absence�of�dynamics,�this�
looks�like�an�insane�initial�condition

ADM: DM is produced through an asymmetry, just like the baryon asymmetry of  the SM

Nussinov (1985)

Gelmini, Hall, Lin (1987)⌦DM

⌦baryon
=

mDM

mbaryon

⌘DM

⌘baryon
<latexit sha1_base64="uodVssU1DEvv/VLgjMVI9IYwViE="></latexit>

if                                 and                             ⌘DM ⇠ ⌘baryon
<latexit sha1_base64="5eelpA1tZeN9yxAQYm7OomzqFU8=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquSlIFXbgo6MKNUME+oAlhMp20Q2cmYWYihNAfcOOvuHGhiFv37vwbp21AbT1w4XDOvdx7T5gwqrTjfFkLi0vLK6ultfL6xubWtr2z21JxKjFp4pjFshMiRRgVpKmpZqSTSIJ4yEg7HF6O/fY9kYrG4k5nCfE56gsaUYy0kQL70CMaBbknOby6GUFPUQ5/pBDJLBajwK44VWcCOE/cglRAgUZgf3q9GKecCI0ZUqrrOon2cyQ1xYyMyl6qSILwEPVJ11CBOFF+PvlmBI+M0oNRLE0JDSfq74kccaUyHppOjvRAzXpj8T+vm+ro3M+pSFJNBJ4uilIGdQzH0cAelQRrlhmCsKTmVogHSCKsTYBlE4I7+/I8adWq7km1dntaqV8UcZTAPjgAx8AFZ6AOrkEDNAEGD+AJvIBX69F6tt6s92nrglXM7IE/sD6+ATMXm6I=</latexit>

mDM ⇠ mbaryon
<latexit sha1_base64="5OVn3MT7VtCF9dmY3s16qzD4PdQ=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgqsxUQRcuCrpwI1SwD+gMQyZN29AkMyQZYRhm58ZfceNCEbf+gjv/xrSdhbYeuHByzr3k3hPGjCrtON9WaWl5ZXWtvF7Z2Nza3rF399oqSiQmLRyxSHZDpAijgrQ01Yx0Y0kQDxnphOOrid95IFLRSNzrNCY+R0NBBxQjbaTAPuRB5kkOr29z6CnKYfEOkUwjkQd21ak5U8BF4hakCgo0A/vL60c44URozJBSPdeJtZ8hqSlmJK94iSIxwmM0JD1DBeJE+dn0jhweG6UPB5E0JTScqr8nMsSVSnloOjnSIzXvTcT/vF6iBxd+RkWcaCLw7KNBwqCO4CQU2KeSYM1SQxCW1OwK8QhJhLWJrmJCcOdPXiTtes09rdXvzqqNyyKOMjgAR+AEuOAcNMANaIIWwOARPINX8GY9WS/Wu/Uxay1Zxcw++APr8weFYJkU</latexit>

O(1)
<latexit sha1_base64="Rr70Vszxtz5+NJ2UVwE3JrMeHWw=">AAAB9XicbVDLSsNAFL2pr1pfUZduBotQNyWpgi5cFNy4s4J9QBvLZDpph04mYWailND/cONCEbf+izv/xkmbhbYeGDiccy/3zPFjzpR2nG+rsLK6tr5R3Cxtbe/s7tn7By0VJZLQJol4JDs+VpQzQZuaaU47saQ49Dlt++PrzG8/UqlYJO71JKZeiIeCBYxgbaSHXoj1iGCe3k4r7mnfLjtVZwa0TNyclCFHo29/9QYRSUIqNOFYqa7rxNpLsdSMcDot9RJFY0zGeEi7hgocUuWls9RTdGKUAQoiaZ7QaKb+3khxqNQk9M1kllItepn4n9dNdHDppUzEiaaCzA8FCUc6QlkFaMAkJZpPDMFEMpMVkRGWmGhTVMmU4C5+eZm0alX3rFq7Oy/Xr/I6inAEx1ABFy6gDjfQgCYQkPAMr/BmPVkv1rv1MR8tWPnOIfyB9fkDxxGSAw==</latexit>
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result�of�a�1�in�1o��� 
CP-violating�asymmetry 
in�baryons�vs�anti-baryons

10

independent�of�baryon�asymmetry

in�the�absence�of�dynamics,�this�
looks�like�an�insane�initial�condition

ADM: DM is produced through an asymmetry, just like the baryon asymmetry of  the SM

Nussinov (1985)

Gelmini, Hall, Lin (1987)⌦DM

⌦baryon
=

mDM

mbaryon

⌘DM

⌘baryon
<latexit sha1_base64="uodVssU1DEvv/VLgjMVI9IYwViE="></latexit>

if                                 and                             ⌘DM ⇠ ⌘baryon
<latexit sha1_base64="5eelpA1tZeN9yxAQYm7OomzqFU8=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquSlIFXbgo6MKNUME+oAlhMp20Q2cmYWYihNAfcOOvuHGhiFv37vwbp21AbT1w4XDOvdx7T5gwqrTjfFkLi0vLK6ultfL6xubWtr2z21JxKjFp4pjFshMiRRgVpKmpZqSTSIJ4yEg7HF6O/fY9kYrG4k5nCfE56gsaUYy0kQL70CMaBbknOby6GUFPUQ5/pBDJLBajwK44VWcCOE/cglRAgUZgf3q9GKecCI0ZUqrrOon2cyQ1xYyMyl6qSILwEPVJ11CBOFF+PvlmBI+M0oNRLE0JDSfq74kccaUyHppOjvRAzXpj8T+vm+ro3M+pSFJNBJ4uilIGdQzH0cAelQRrlhmCsKTmVogHSCKsTYBlE4I7+/I8adWq7km1dntaqV8UcZTAPjgAx8AFZ6AOrkEDNAEGD+AJvIBX69F6tt6s92nrglXM7IE/sD6+ATMXm6I=</latexit>

mDM ⇠ mbaryon
<latexit sha1_base64="5OVn3MT7VtCF9dmY3s16qzD4PdQ=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgqsxUQRcuCrpwI1SwD+gMQyZN29AkMyQZYRhm58ZfceNCEbf+gjv/xrSdhbYeuHByzr3k3hPGjCrtON9WaWl5ZXWtvF7Z2Nza3rF399oqSiQmLRyxSHZDpAijgrQ01Yx0Y0kQDxnphOOrid95IFLRSNzrNCY+R0NBBxQjbaTAPuRB5kkOr29z6CnKYfEOkUwjkQd21ak5U8BF4hakCgo0A/vL60c44URozJBSPdeJtZ8hqSlmJK94iSIxwmM0JD1DBeJE+dn0jhweG6UPB5E0JTScqr8nMsSVSnloOjnSIzXvTcT/vF6iBxd+RkWcaCLw7KNBwqCO4CQU2KeSYM1SQxCW1OwK8QhJhLWJrmJCcOdPXiTtes09rdXvzqqNyyKOMjgAR+AEuOAcNMANaIIWwOARPINX8GY9WS/Wu/Uxay1Zxcw++APr8weFYJkU</latexit>

O(1)
<latexit sha1_base64="Rr70Vszxtz5+NJ2UVwE3JrMeHWw=">AAAB9XicbVDLSsNAFL2pr1pfUZduBotQNyWpgi5cFNy4s4J9QBvLZDpph04mYWailND/cONCEbf+izv/xkmbhbYeGDiccy/3zPFjzpR2nG+rsLK6tr5R3Cxtbe/s7tn7By0VJZLQJol4JDs+VpQzQZuaaU47saQ49Dlt++PrzG8/UqlYJO71JKZeiIeCBYxgbaSHXoj1iGCe3k4r7mnfLjtVZwa0TNyclCFHo29/9QYRSUIqNOFYqa7rxNpLsdSMcDot9RJFY0zGeEi7hgocUuWls9RTdGKUAQoiaZ7QaKb+3khxqNQk9M1kllItepn4n9dNdHDppUzEiaaCzA8FCUc6QlkFaMAkJZpPDMFEMpMVkRGWmGhTVMmU4C5+eZm0alX3rFq7Oy/Xr/I6inAEx1ABFy6gDjfQgCYQkPAMr/BmPVkv1rv1MR8tWPnOIfyB9fkDxxGSAw==</latexit>

easy�to�arrange�if�"connector�interaction"�
active�in�early�universe

needs�to�be�dynamically�realized,�
otherwise�haven’t�explained�the�DM�

to�baryon�ratio!



Where to look…?
• In specific implementations , DM often inside the “neutrino fog”

• There is no DM annihilation, and DM can build to form composite objects: 
from atomic DM… all the way up to black holes

see e.g. IGG, Lasenby, March-Russell [1505.07410]; Farina [1506.03520]

Bodas et al [2401.12286], etc…

https://arxiv.org/abs/1506.03520


Where to look…?

⌦DM

⌦baryon
= O(1)

<latexit sha1_base64="GrUyLY9CrKT2iKqoAPnzfH8hi1A=">AAACJXicbVBNSwMxEM36WetX1aOXYBHqpeyqoAeFgh68SBWsLXRLmU2zbTDJLklWKMv+GS/+FS8eLCJ48q+YrT1o64OBx3szzMwLYs60cd1PZ25+YXFpubBSXF1b39gsbW3f6yhRhDZIxCPVCkBTziRtGGY4bcWKggg4bQYPF7nffKRKs0jemWFMOwL6koWMgLFSt3TmhwpI6tcF7UM39ZXAl9dZ9kcIQA0jmWX4HPsCzIAAT+tZxTvolspu1R0DzxJvQspogptuaeT3IpIIKg3hoHXbc2PTSUEZRjjNin6iaQzkAfq0bakEQXUnHX+Z4X2r9HAYKVvS4LH6eyIFofVQBLYzv1JPe7n4n9dOTHjaSZmME0Ml+VkUJhybCOeR4R5TlBg+tASIYvZWTAZgYzM22KINwZt+eZbcH1a9o+rh7XG5djaJo4B20R6qIA+doBq6QjeogQh6Qi/oDY2cZ+fVeXc+flrnnMnMDvoD5+sb5hqlbw==</latexit>

This the only reason to believe the DM interacts 
with the SM with any significant strength
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• In specific implementations , DM often inside the “neutrino fog”

• There is no DM annihilation, and DM can build to form composite objects: 
from atomic DM… all the way up to black holes

More generally…

see e.g. IGG, Lasenby, March-Russell [1505.07410]; Farina [1506.03520]

Bodas et al [2401.12286], etc…

https://arxiv.org/abs/1506.03520


Where to look…?

⌦DM

⌦baryon
= O(1)
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This the only reason to believe the DM interacts 
with the SM with any significant strength

<latexit sha1_base64="SdtZcqPPPgvpUYxrczfwiHjOiIE=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIzHxRHaND44kXjxiIo8EVjI79MKE2ZnNzKyEEP7DiweN8eq/ePNvHGAPClbSSaWqO91dYcKZNp737eTW1jc2t/LbhZ3dvf2D4uFRQ8tUUaxTyaVqhUQjZwLrhhmOrUQhiUOOzXB4O/ObT6g0k+LBjBMMYtIXLGKUGCs9drgUfY6RIUrJUbdY8sreHO4q8TNSggy1bvGr05M0jVEYyonWbd9LTDAhyjDKcVropBoTQoekj21LBYlRB5P51VP3zCo9N5LKljDuXP09MSGx1uM4tJ0xMQO97M3E/7x2aqJKMGEiSQ0KulgUpdw10p1F4PaYQmr42BJCFbO3unRAFKHGBlWwIfjLL6+SxkXZvy5f3V+WqpUsjjycwCmcgw83UIU7qEEdKCh4hld4c0bOi/PufCxac042cwx/4Hz+ACFYkug=</latexit> �

Need new dark matter “paradigms” that provide 
theoretical guidance in our search for dark matter

• In specific implementations , DM often inside the “neutrino fog”

• There is no DM annihilation, and DM can build to form composite objects: 
from atomic DM… all the way up to black holes

More generally…

see e.g. IGG, Lasenby, March-Russell [1505.07410]; Farina [1506.03520]

Bodas et al [2401.12286], etc…

see e.g. Brzeminski,, Hook [2310.07777]

https://arxiv.org/abs/1506.03520


Today…

1. (My) highlights from the US P5 report

2. Gravitational waves and particle physics

3. Dark matter cornucopia

5. Gravity and Effective Field Theory

6. QFT in the non-perturbative regime

4. Strong-CP and flavor — beyond the QCD axion



The strong CP problem

Strong CP problem: It is not possible to understand the absence of  strong 
CP violation based on the underlying symmetries of  the Standard Model

✓̄ = ✓s + ✓q

<latexit sha1_base64="ULBtadn0KSpxMof36O2SIEQ2c48=">AAACCnicbZDLSsNAFIYn9VbrLerSzWgRBKEkUlBBoeDGZQV7gSaEyXTSDp1cnDkRSujaja/ixoUibn0Cd76N0zaCtv4w8PGfczhzfj8RXIFlfRmFhcWl5ZXiamltfWNzy9zeaao4lZQ1aCxi2faJYoJHrAEcBGsnkpHQF6zlD67G9dY9k4rH0S0ME+aGpBfxgFMC2vLMfccnEjvQZ0DwZQ6ewsc/eOeZZatiTYTnwc6hjHLVPfPT6cY0DVkEVBClOraVgJsRCZwKNio5qWIJoQPSYx2NEQmZcrPJKSN8qJ0uDmKpXwR44v6eyEio1DD0dWdIoK9ma2Pzv1onheDMzXiUpMAiOl0UpAJDjMe54C6XjIIYaiBUcv1XTPtEEgo6vZIOwZ49eR6aJxW7Wjm/qZZrF3kcRbSHDtARstEpqqFrVEcNRNEDekIv6NV4NJ6NN+N92low8pld9EfGxzeM7JmM</latexit>

✓q = arg detMq

<latexit sha1_base64="InFbf3WCvUx3I8eRQaABgjuxaMw=">AAACEHicbVA9SwNBEN2L3/ErammzGESrcCcBFRQEGxtBwaiQC8fcZpIs2ftwd04IR36CjX/FxkIRW0s7/42bmEITHww83pthZl6YKmnIdb+cwtT0zOzc/EJxcWl5ZbW0tn5tkkwLrIlEJfo2BINKxlgjSQpvU40QhQpvwu7pwL+5R21kEl9RL8VGBO1YtqQAslJQ2vGpgwTBHT/mua8jDrrd534TifsRUEeAys/7wV1QKrsVdwg+SbwRKbMRLoLSp99MRBZhTEKBMXXPTamRgyYpFPaLfmYwBdGFNtYtjSFC08iHD/X5tlWavJVoWzHxofp7IofImF4U2s7BkWbcG4j/efWMWgeNXMZpRhiLn0WtTHFK+CAd3pQaBameJSC0tLdy0QENgmyGRRuCN/7yJLneq3jVyuFltXxyNIpjnm2yLbbLPLbPTtgZu2A1JtgDe2Iv7NV5dJ6dN+f9p7XgjGY22B84H98bupyn</latexit>
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<latexit sha1_base64="ulWhEgjU2SRIIZZE1K4ex218xcU="></latexit>

<latexit sha1_base64="rRUvO92yczr6sroiiw2bit5vtJc=">AAAB+nicbVDJSgNBEO2JW4zbRI9eGoPgxTAjbngKePEYwSyQjKGnU5M06e4ZunuUMOZTvHhQxKtf4s2/sbMcNPFBweO9KqrqhQln2njet5NbWl5ZXcuvFzY2t7Z33OJuXcepolCjMY9VMyQaOJNQM8xwaCYKiAg5NMLB9dhvPIDSLJZ3ZphAIEhPsohRYqzUcYttDlprJrDv3WfHvjfquCWv7E2AF4k/IyU0Q7XjfrW7MU0FSEM50brle4kJMqIMoxxGhXaqISF0QHrQslQSATrIJqeP8KFVujiKlS1p8ET9PZERofVQhLZTENPX895Y/M9rpSa6DDImk9SApNNFUcqxifE4B9xlCqjhQ0sIVczeimmfKEKNTatgQ/DnX14k9ZOyf14+uz0tVa5mceTRPjpAR8hHF6iCblAV1RBFj+gZvaI358l5cd6dj2lrzpnN7KE/cD5/AOOEkxg=</latexit>
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The strong CP problem

Strong CP problem: It is not possible to understand the absence of  strong 
CP violation based on the underlying symmetries of  the Standard Model

✓̄ = ✓s + ✓q

<latexit sha1_base64="ULBtadn0KSpxMof36O2SIEQ2c48=">AAACCnicbZDLSsNAFIYn9VbrLerSzWgRBKEkUlBBoeDGZQV7gSaEyXTSDp1cnDkRSujaja/ixoUibn0Cd76N0zaCtv4w8PGfczhzfj8RXIFlfRmFhcWl5ZXiamltfWNzy9zeaao4lZQ1aCxi2faJYoJHrAEcBGsnkpHQF6zlD67G9dY9k4rH0S0ME+aGpBfxgFMC2vLMfccnEjvQZ0DwZQ6ewsc/eOeZZatiTYTnwc6hjHLVPfPT6cY0DVkEVBClOraVgJsRCZwKNio5qWIJoQPSYx2NEQmZcrPJKSN8qJ0uDmKpXwR44v6eyEio1DD0dWdIoK9ma2Pzv1onheDMzXiUpMAiOl0UpAJDjMe54C6XjIIYaiBUcv1XTPtEEgo6vZIOwZ49eR6aJxW7Wjm/qZZrF3kcRbSHDtARstEpqqFrVEcNRNEDekIv6NV4NJ6NN+N92low8pld9EfGxzeM7JmM</latexit>

✓q = arg detMq

<latexit sha1_base64="InFbf3WCvUx3I8eRQaABgjuxaMw=">AAACEHicbVA9SwNBEN2L3/ErammzGESrcCcBFRQEGxtBwaiQC8fcZpIs2ftwd04IR36CjX/FxkIRW0s7/42bmEITHww83pthZl6YKmnIdb+cwtT0zOzc/EJxcWl5ZbW0tn5tkkwLrIlEJfo2BINKxlgjSQpvU40QhQpvwu7pwL+5R21kEl9RL8VGBO1YtqQAslJQ2vGpgwTBHT/mua8jDrrd534TifsRUEeAys/7wV1QKrsVdwg+SbwRKbMRLoLSp99MRBZhTEKBMXXPTamRgyYpFPaLfmYwBdGFNtYtjSFC08iHD/X5tlWavJVoWzHxofp7IofImF4U2s7BkWbcG4j/efWMWgeNXMZpRhiLn0WtTHFK+CAd3pQaBameJSC0tLdy0QENgmyGRRuCN/7yJLneq3jVyuFltXxyNIpjnm2yLbbLPLbPTtgZu2A1JtgDe2Iv7NV5dJ6dN+f9p7XgjGY22B84H98bupyn</latexit>

L � ✓sg2

32⇡2
tr
⇣
Gµ⌫G̃

µ⌫
⌘

<latexit sha1_base64="ulWhEgjU2SRIIZZE1K4ex218xcU="></latexit>

<latexit sha1_base64="rRUvO92yczr6sroiiw2bit5vtJc=">AAAB+nicbVDJSgNBEO2JW4zbRI9eGoPgxTAjbngKePEYwSyQjKGnU5M06e4ZunuUMOZTvHhQxKtf4s2/sbMcNPFBweO9KqrqhQln2njet5NbWl5ZXcuvFzY2t7Z33OJuXcepolCjMY9VMyQaOJNQM8xwaCYKiAg5NMLB9dhvPIDSLJZ3ZphAIEhPsohRYqzUcYttDlprJrDv3WfHvjfquCWv7E2AF4k/IyU0Q7XjfrW7MU0FSEM50brle4kJMqIMoxxGhXaqISF0QHrQslQSATrIJqeP8KFVujiKlS1p8ET9PZERofVQhLZTENPX895Y/M9rpSa6DDImk9SApNNFUcqxifE4B9xlCqjhQ0sIVczeimmfKEKNTatgQ/DnX14k9ZOyf14+uz0tVa5mceTRPjpAR8hHF6iCblAV1RBFj+gZvaI358l5cd6dj2lrzpnN7KE/cD5/AOOEkxg=</latexit>

. 10�10

• Most popular solution is the QCD axion: minimal, can be DM, axions a soft 
“prediction” of  string theory…

• Huge experimental effort to probe the axion paradigm

Peccei, Quinn (1977), Wilczek (1978), Weinberg 
(1978), KSVZ (1980), DFSZ (1981)

a�dynamical�mechanism�or�some�additional�symmetry�
structure�is�necessary�to�explain�why����is�so�tiny



The strong CP problem

Strong CP problem: It is not possible to understand the absence of  strong 
CP violation based on the underlying symmetries of  the Standard Model

a�dynamical�mechanism�or�some�additional�symmetry�
structure�is�necessary�to�explain�why����is�so�tiny

What�about�alternative�solutions�to�the�strong�CP�problem?

✓̄ = ✓s + ✓q

<latexit sha1_base64="ULBtadn0KSpxMof36O2SIEQ2c48=">AAACCnicbZDLSsNAFIYn9VbrLerSzWgRBKEkUlBBoeDGZQV7gSaEyXTSDp1cnDkRSujaja/ixoUibn0Cd76N0zaCtv4w8PGfczhzfj8RXIFlfRmFhcWl5ZXiamltfWNzy9zeaao4lZQ1aCxi2faJYoJHrAEcBGsnkpHQF6zlD67G9dY9k4rH0S0ME+aGpBfxgFMC2vLMfccnEjvQZ0DwZQ6ewsc/eOeZZatiTYTnwc6hjHLVPfPT6cY0DVkEVBClOraVgJsRCZwKNio5qWIJoQPSYx2NEQmZcrPJKSN8qJ0uDmKpXwR44v6eyEio1DD0dWdIoK9ma2Pzv1onheDMzXiUpMAiOl0UpAJDjMe54C6XjIIYaiBUcv1XTPtEEgo6vZIOwZ49eR6aJxW7Wjm/qZZrF3kcRbSHDtARstEpqqFrVEcNRNEDekIv6NV4NJ6NN+N92low8pld9EfGxzeM7JmM</latexit>

✓q = arg detMq

<latexit sha1_base64="InFbf3WCvUx3I8eRQaABgjuxaMw=">AAACEHicbVA9SwNBEN2L3/ErammzGESrcCcBFRQEGxtBwaiQC8fcZpIs2ftwd04IR36CjX/FxkIRW0s7/42bmEITHww83pthZl6YKmnIdb+cwtT0zOzc/EJxcWl5ZbW0tn5tkkwLrIlEJfo2BINKxlgjSQpvU40QhQpvwu7pwL+5R21kEl9RL8VGBO1YtqQAslJQ2vGpgwTBHT/mua8jDrrd534TifsRUEeAys/7wV1QKrsVdwg+SbwRKbMRLoLSp99MRBZhTEKBMXXPTamRgyYpFPaLfmYwBdGFNtYtjSFC08iHD/X5tlWavJVoWzHxofp7IofImF4U2s7BkWbcG4j/efWMWgeNXMZpRhiLn0WtTHFK+CAd3pQaBameJSC0tLdy0QENgmyGRRuCN/7yJLneq3jVyuFltXxyNIpjnm2yLbbLPLbPTtgZu2A1JtgDe2Iv7NV5dJ6dN+f9p7XgjGY22B84H98bupyn</latexit>

L � ✓sg2

32⇡2
tr
⇣
Gµ⌫G̃

µ⌫
⌘

<latexit sha1_base64="ulWhEgjU2SRIIZZE1K4ex218xcU="></latexit>

<latexit sha1_base64="rRUvO92yczr6sroiiw2bit5vtJc=">AAAB+nicbVDJSgNBEO2JW4zbRI9eGoPgxTAjbngKePEYwSyQjKGnU5M06e4ZunuUMOZTvHhQxKtf4s2/sbMcNPFBweO9KqrqhQln2njet5NbWl5ZXcuvFzY2t7Z33OJuXcepolCjMY9VMyQaOJNQM8xwaCYKiAg5NMLB9dhvPIDSLJZ3ZphAIEhPsohRYqzUcYttDlprJrDv3WfHvjfquCWv7E2AF4k/IyU0Q7XjfrW7MU0FSEM50brle4kJMqIMoxxGhXaqISF0QHrQslQSATrIJqeP8KFVujiKlS1p8ET9PZERofVQhLZTENPX895Y/M9rpSa6DDImk9SApNNFUcqxifE4B9xlCqjhQ0sIVczeimmfKEKNTatgQ/DnX14k9ZOyf14+uz0tVa5mceTRPjpAR8hHF6iCblAV1RBFj+gZvaI358l5cd6dj2lrzpnN7KE/cD5/AOOEkxg=</latexit>

. 10�10

• Most popular solution is the QCD axion: minimal, can be DM, axions a soft 
“prediction” of  string theory…

• Huge experimental effort to probe the axion paradigm

Peccei, Quinn (1977), Wilczek (1978), Weinberg 
(1978), KSVZ (1980), DFSZ (1981)



Spacetime symmetry solutions to strong CP

The origin of  the strong CP problem lies in the electroweak sector — 
natural to consider extensions that restore spacetime symmetries

Non-zero    breaks both P and CP✓̄

<latexit sha1_base64="ITjz0vi2yffDKbScwik4/+ctzFY=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUMFDwYvHCvYDklA22027dLMJuxOhlP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL8qkMOi6305pbX1jc6u8XdnZ3ds/qB4etU2aa8ZbLJWp7kbUcCkUb6FAybuZ5jSJJO9Eo7uZ33ni2ohUPeI442FCB0rEglG0kh9EVJMAhxxpr1pz6+4cZJV4BalBgWav+hX0U5YnXCGT1BjfczMMJ1SjYJJPK0FueEbZiA64b6miCTfhZH7ylJxZpU/iVNtSSObq74kJTYwZJ5HtTCgOzbI3E//z/Bzj63AiVJYjV2yxKM4lwZTM/id9oTlDObaEMi3srYQNqaYMbUoVG4K3/PIqaV/Uvcv6zcNlrXFbxFGGEziFc/DgChpwD01oAYMUnuEV3hx0Xpx352PRWnKKmWP4A+fzB/0kkRE=</latexit>

restoring either can provide a solution to strong CP)

<latexit sha1_base64="vQR7CsoBCcPd64yylbZsFGmWG3M=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUMFDwYvHKvYD0lA22027dJMNuxOllP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0ylMOi6305hZXVtfaO4Wdra3tndK+8fNI3KNOMNpqTS7ZAaLkXCGyhQ8naqOY1DyVvh8Gbqtx65NkIlDzhKeRDTfiIiwShaye/ci/4AqdbqqVuuuFV3BrJMvJxUIEe9W/7q9BTLYp4gk9QY33NTDMZUo2CST0qdzPCUsiHtc9/ShMbcBOPZyRNyYpUeiZS2lSCZqb8nxjQ2ZhSHtjOmODCL3lT8z/MzjC6DsUjSDHnC5ouiTBJUZPo/6QnNGcqRJZRpYW8lbEA1ZWhTKtkQvMWXl0nzrOqdV6/uziu16zyOIhzBMZyCBxdQg1uoQwMYKHiGV3hz0Hlx3p2PeWvByWcO4Q+czx+TLZFz</latexit>



Spacetime symmetry solutions to strong CP

The origin of  the strong CP problem lies in the electroweak sector — 
natural to consider extensions that restore spacetime symmetries

CP

<latexit sha1_base64="kwrB4fIb0/uS7v4Twd/7Ao/VSbE=">AAAB6XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIQQUXhW5cVrEPaAfJpJk2NJMZkjtCGfoHblwo4tY/cuffmLaz0NYDgcM555J7T5BIYdB1v53C2vrG5lZxu7Szu7d/UD48aps41Yy3WCxj3Q2o4VIo3kKBkncTzWkUSN4Jxo2Z33ni2ohYPeAk4X5Eh0qEglG00n2j+ViuuFV3DrJKvJxUIIfNf/UHMUsjrpBJakzPcxP0M6pRMMmnpX5qeELZmA55z1JFI278bL7plJxZZUDCWNunkMzV3xMZjYyZRIFNRhRHZtmbif95vRTDKz8TKkmRK7b4KEwlwZjMziYDoTlDObGEMi3sroSNqKYMbTklW4K3fPIqaV9UvVr1+q5Wqd/kdRThBE7hHDy4hDrcQhNawCCEZ3iFN2fsvDjvzsciWnDymWP4A+fzBzZtjSc=</latexit>

Babu, Mohapatra; PRL 62 (1989) & PRD 41 (1990)

Barr, Chang, Senjanovic; PRL 67 (1991)

Nelson; PLB 136 (1984)

Barr; PRL 53 (1984)

Non-zero    breaks both P and CP✓̄

<latexit sha1_base64="ITjz0vi2yffDKbScwik4/+ctzFY=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUMFDwYvHCvYDklA22027dLMJuxOhlP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL8qkMOi6305pbX1jc6u8XdnZ3ds/qB4etU2aa8ZbLJWp7kbUcCkUb6FAybuZ5jSJJO9Eo7uZ33ni2ohUPeI442FCB0rEglG0kh9EVJMAhxxpr1pz6+4cZJV4BalBgWav+hX0U5YnXCGT1BjfczMMJ1SjYJJPK0FueEbZiA64b6miCTfhZH7ylJxZpU/iVNtSSObq74kJTYwZJ5HtTCgOzbI3E//z/Bzj63AiVJYjV2yxKM4lwZTM/id9oTlDObaEMi3srYQNqaYMbUoVG4K3/PIqaV/Uvcv6zcNlrXFbxFGGEziFc/DgChpwD01oAYMUnuEV3hx0Xpx352PRWnKKmWP4A+fzB/0kkRE=</latexit>

restoring either can provide a solution to strong CP)

<latexit sha1_base64="vQR7CsoBCcPd64yylbZsFGmWG3M=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUMFDwYvHKvYD0lA22027dJMNuxOllP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0ylMOi6305hZXVtfaO4Wdra3tndK+8fNI3KNOMNpqTS7ZAaLkXCGyhQ8naqOY1DyVvh8Gbqtx65NkIlDzhKeRDTfiIiwShaye/ci/4AqdbqqVuuuFV3BrJMvJxUIEe9W/7q9BTLYp4gk9QY33NTDMZUo2CST0qdzPCUsiHtc9/ShMbcBOPZyRNyYpUeiZS2lSCZqb8nxjQ2ZhSHtjOmODCL3lT8z/MzjC6DsUjSDHnC5ouiTBJUZPo/6QnNGcqRJZRpYW8lbEA1ZWhTKtkQvMWXl0nzrOqdV6/uziu16zyOIhzBMZyCBxdQg1uoQwMYKHiGV3hz0Hlx3p2PeWvByWcO4Q+czx+TLZFz</latexit>

P

<latexit sha1_base64="qvXdn6MAgEQ2hIqxq4/byBJUftg=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIQQUXBTcuW7APaAfJpHfa2ExmSDJCGfoFblwo4tZPcuffmLaz0NYDgcM555J7T5AIro3rfjuFtfWNza3idmlnd2//oHx41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB+Hbmd55QaR7LezNJ0I/oUPKQM2qs1Gw8lCtu1Z2DrBIvJxXIYfNf/UHM0gilYYJq3fPcxPgZVYYzgdNSP9WYUDamQ+xZKmmE2s/mi07JmVUGJIyVfdKQufp7IqOR1pMosMmImpFe9mbif14vNeGVn3GZpAYlW3wUpoKYmMyuJgOukBkxsYQyxe2uhI2ooszYbkq2BG/55FXSvqh6tep1s1ap3+R1FOEETuEcPLiEOtxBA1rAAOEZXuHNeXRenHfnYxEtOPnMMfyB8/kDq6uM2g==</latexit>



The origin of  the strong CP problem lies in the electroweak sector — 
natural to consider extensions that restore spacetime symmetries

P

<latexit sha1_base64="qvXdn6MAgEQ2hIqxq4/byBJUftg=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIQQUXBTcuW7APaAfJpHfa2ExmSDJCGfoFblwo4tZPcuffmLaz0NYDgcM555J7T5AIro3rfjuFtfWNza3idmlnd2//oHx41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB+Hbmd55QaR7LezNJ0I/oUPKQM2qs1Gw8lCtu1Z2DrBIvJxXIYfNf/UHM0gilYYJq3fPcxPgZVYYzgdNSP9WYUDamQ+xZKmmE2s/mi07JmVUGJIyVfdKQufp7IqOR1pMosMmImpFe9mbif14vNeGVn3GZpAYlW3wUpoKYmMyuJgOukBkxsYQyxe2uhI2ooszYbkq2BG/55FXSvqh6tep1s1ap3+R1FOEETuEcPLiEOtxBA1rAAOEZXuHNeXRenHfnYxEtOPnMMfyB8/kDq6uM2g==</latexit>

CP

<latexit sha1_base64="kwrB4fIb0/uS7v4Twd/7Ao/VSbE=">AAAB6XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIQQUXhW5cVrEPaAfJpJk2NJMZkjtCGfoHblwo4tY/cuffmLaz0NYDgcM555J7T5BIYdB1v53C2vrG5lZxu7Szu7d/UD48aps41Yy3WCxj3Q2o4VIo3kKBkncTzWkUSN4Jxo2Z33ni2ohYPeAk4X5Eh0qEglG00n2j+ViuuFV3DrJKvJxUIIfNf/UHMUsjrpBJakzPcxP0M6pRMMmnpX5qeELZmA55z1JFI278bL7plJxZZUDCWNunkMzV3xMZjYyZRIFNRhRHZtmbif95vRTDKz8TKkmRK7b4KEwlwZjMziYDoTlDObGEMi3sroSNqKYMbTklW4K3fPIqaV9UvVr1+q5Wqd/kdRThBE7hHDy4hDrcQhNawCCEZ3iFN2fsvDjvzsciWnDymWP4A+fzBzZtjSc=</latexit>

Babu, Mohapatra; PRL 62 (1989) & PRD 41 (1990)

Barr, Chang, Senjanovic; PRL 67 (1991)

Nelson; PLB 136 (1984)

Barr; PRL 53 (1984)

Non-zero    breaks both P and CP✓̄

<latexit sha1_base64="ITjz0vi2yffDKbScwik4/+ctzFY=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUMFDwYvHCvYDklA22027dLMJuxOhlP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL8qkMOi6305pbX1jc6u8XdnZ3ds/qB4etU2aa8ZbLJWp7kbUcCkUb6FAybuZ5jSJJO9Eo7uZ33ni2ohUPeI442FCB0rEglG0kh9EVJMAhxxpr1pz6+4cZJV4BalBgWav+hX0U5YnXCGT1BjfczMMJ1SjYJJPK0FueEbZiA64b6miCTfhZH7ylJxZpU/iVNtSSObq74kJTYwZJ5HtTCgOzbI3E//z/Bzj63AiVJYjV2yxKM4lwZTM/id9oTlDObaEMi3srYQNqaYMbUoVG4K3/PIqaV/Uvcv6zcNlrXFbxFGGEziFc/DgChpwD01oAYMUnuEV3hx0Xpx352PRWnKKmWP4A+fzB/0kkRE=</latexit>

restoring either can provide a solution to strong CP)

<latexit sha1_base64="vQR7CsoBCcPd64yylbZsFGmWG3M=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUMFDwYvHKvYD0lA22027dJMNuxOllP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0ylMOi6305hZXVtfaO4Wdra3tndK+8fNI3KNOMNpqTS7ZAaLkXCGyhQ8naqOY1DyVvh8Gbqtx65NkIlDzhKeRDTfiIiwShaye/ci/4AqdbqqVuuuFV3BrJMvJxUIEe9W/7q9BTLYp4gk9QY33NTDMZUo2CST0qdzPCUsiHtc9/ShMbcBOPZyRNyYpUeiZS2lSCZqb8nxjQ2ZhSHtjOmODCL3lT8z/MzjC6DsUjSDHnC5ouiTBJUZPo/6QnNGcqRJZRpYW8lbEA1ZWhTKtkQvMWXl0nzrOqdV6/uziu16zyOIhzBMZyCBxdQg1uoQwMYKHiGV3hz0Hlx3p2PeWvByWcO4Q+czx+TLZFz</latexit>
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“Mirror” sector is an exact copy of  the 
Standard Model, except that             . 
doublets become doublets of              .

SU(2)L

<latexit sha1_base64="tqbnKhP8MmLh4stXzVcIyyh6k3M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBahXkpSCip4KHjx4KGiaQttKJvtpl262YTdjVBCf4QXD4p49fd489+4aXPQ1gcDj/dmmJnnx5wpbdvfVmFtfWNzq7hd2tnd2z8oHx61VZRIQl0S8Uh2fawoZ4K6mmlOu7GkOPQ57fiTm8zvPFGpWCQe9TSmXohHggWMYG2kzoNbrZ8P7gblil2z50CrxMlJBXK0BuWv/jAiSUiFJhwr1XPsWHsplpoRTmelfqJojMkEj2jPUIFDqrx0fu4MnRlliIJImhIazdXfEykOlZqGvukMsR6rZS8T//N6iQ4uvZSJONFUkMWiIOFIRyj7HQ2ZpETzqSGYSGZuRWSMJSbaJFQyITjLL6+Sdr3mNGpX941K8zqPowgncApVcOACmnALLXCBwASe4RXerNh6sd6tj0VrwcpnjuEPrM8f3eiOnA==</latexit>

SU(2)R

<latexit sha1_base64="vbeCydQDKEFqTmI940VhnjSiAlg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBahXkpSCip4KHjxWD/SFtpQNttNu3SzCbsboYT+CC8eFPHq7/Hmv3HT5qCtDwYe780wM8+POVPatr+twtr6xuZWcbu0s7u3f1A+PGqrKJGEuiTikez6WFHOBHU105x2Y0lx6HPa8Sc3md95olKxSDzqaUy9EI8ECxjB2kidB7daPx/cD8oVu2bPgVaJk5MK5GgNyl/9YUSSkApNOFaq59ix9lIsNSOczkr9RNEYkwke0Z6hAodUeen83Bk6M8oQBZE0JTSaq78nUhwqNQ190xliPVbLXib+5/USHVx6KRNxoqkgi0VBwpGOUPY7GjJJieZTQzCRzNyKyBhLTLRJqGRCcJZfXiXtes1p1K7uGpXmdR5HEU7gFKrgwAU04RZa4AKBCTzDK7xZsfVivVsfi9aClc8cwx9Ynz/nAI6i</latexit>

Spacetime symmetry solutions to strong CP



Parity solutions to strong CP

e

𝝂

W mW 0 ' gv0

2
& 6 TeV

<latexit sha1_base64="Ds8/TMQIemXmrpVn4j5bkmfV6Zo=">AAACG3icbVDLSgMxFM3UV62vqks3wSJ1VWZK8QEuCm5cVugLOqVk0jttaDIzJplCGeY/3Pgrblwo4kpw4d+YPhbaeiBwOOcebu7xIs6Utu1vK7O2vrG5ld3O7ezu7R/kD4+aKowlhQYNeSjbHlHAWQANzTSHdiSBCI9DyxvdTv3WGKRiYVDXkwi6ggwC5jNKtJF6+bLoJa1iil3FBDxg15eEJgM8LqZJ2agDbaICX2AXJ64UuA7NtJcv2CV7BrxKnAUpoAVqvfyn2w9pLCDQlBOlOo4d6W5CpGaUQ5pzYwURoSMygI6hARGgusnsthSfGaWP/VCaF2g8U38nEiKUmgjPTAqih2rZm4r/eZ1Y+1fdhAVRrCGg80V+zLEO8bQo3GcSqOYTQwiVzPwV0yEx9WhTZ86U4CyfvEqa5ZJTKV3fVwrVm0UdWXSCTtE5ctAlqqI7VEMNRNEjekav6M16sl6sd+tjPpqxFplj9AfW1w84q6BG</latexit>

)

<latexit sha1_base64="vQR7CsoBCcPd64yylbZsFGmWG3M=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUMFDwYvHKvYD0lA22027dJMNuxOllP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0ylMOi6305hZXVtfaO4Wdra3tndK+8fNI3KNOMNpqTS7ZAaLkXCGyhQ8naqOY1DyVvh8Gbqtx65NkIlDzhKeRDTfiIiwShaye/ci/4AqdbqqVuuuFV3BrJMvJxUIEe9W/7q9BTLYp4gk9QY33NTDMZUo2CST0qdzPCUsiHtc9/ShMbcBOPZyRNyYpUeiZS2lSCZqb8nxjQ2ZhSHtjOmODCL3lT8z/MzjC6DsUjSDHnC5ouiTBJUZPo/6QnNGcqRJZRpYW8lbEA1ZWhTKtkQvMWXl0nzrOqdV6/uziu16zyOIhzBMZyCBxdQg1uoQwMYKHiGV3hz0Hlx3p2PeWvByWcO4Q+czx+TLZFz</latexit>

v0 & 18 TeV

<latexit sha1_base64="BJ0vU4qUOXNfTfpsYZN2Eet0G3k=">AAACAnicbVDLSgMxFL1TX7W+Rl2Jm2ARXZUZKVjBRcGNywp9QWcomTRtQ5OZIckUylDc+CtuXCji1q9w59+YtrPQ1gOBwznncnNPEHOmtON8W7m19Y3Nrfx2YWd3b//APjxqqiiRhDZIxCPZDrCinIW0oZnmtB1LikXAaSsY3c381phKxaKwricx9QUehKzPCNZG6ton4wvkDbQJCORWkIdSTwpUp81p1y46JWcOtErcjBQhQ61rf3m9iCSChppwrFTHdWLtp1hqRjidFrxE0RiTER7QjqEhFlT56fyEKTo3Sg/1I2leqNFc/T2RYqHURAQmKbAeqmVvJv7ndRLdr/gpC+NE05AsFvUTjnSEZn2gHpOUaD4xBBPJzF8RGWKJiTatFUwJ7vLJq6R5VXLLpZuHcrF6m9WRh1M4g0tw4RqqcA81aACBR3iGV3iznqwX6936WERzVjZzDH9gff4A9n+V4Q==</latexit>

ATLAS; 1906.05609

• Leading constraint on the parity-breaking scale from direct production of  exotic 
gauge bosons at the LHC

Craig, IGG, Koszegi, McCune [2012.13416]



Colliders�are�*central*�to�probe�parity�solutions�to�strong�CP

Parity solutions to strong CP

e

𝝂

W mW 0 ' gv0

2
& 6 TeV

<latexit sha1_base64="Ds8/TMQIemXmrpVn4j5bkmfV6Zo=">AAACG3icbVDLSgMxFM3UV62vqks3wSJ1VWZK8QEuCm5cVugLOqVk0jttaDIzJplCGeY/3Pgrblwo4kpw4d+YPhbaeiBwOOcebu7xIs6Utu1vK7O2vrG5ld3O7ezu7R/kD4+aKowlhQYNeSjbHlHAWQANzTSHdiSBCI9DyxvdTv3WGKRiYVDXkwi6ggwC5jNKtJF6+bLoJa1iil3FBDxg15eEJgM8LqZJ2agDbaICX2AXJ64UuA7NtJcv2CV7BrxKnAUpoAVqvfyn2w9pLCDQlBOlOo4d6W5CpGaUQ5pzYwURoSMygI6hARGgusnsthSfGaWP/VCaF2g8U38nEiKUmgjPTAqih2rZm4r/eZ1Y+1fdhAVRrCGg80V+zLEO8bQo3GcSqOYTQwiVzPwV0yEx9WhTZ86U4CyfvEqa5ZJTKV3fVwrVm0UdWXSCTtE5ctAlqqI7VEMNRNEjekav6M16sl6sd+tjPpqxFplj9AfW1w84q6BG</latexit>

)

<latexit sha1_base64="vQR7CsoBCcPd64yylbZsFGmWG3M=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUMFDwYvHKvYD0lA22027dJMNuxOllP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0ylMOi6305hZXVtfaO4Wdra3tndK+8fNI3KNOMNpqTS7ZAaLkXCGyhQ8naqOY1DyVvh8Gbqtx65NkIlDzhKeRDTfiIiwShaye/ci/4AqdbqqVuuuFV3BrJMvJxUIEe9W/7q9BTLYp4gk9QY33NTDMZUo2CST0qdzPCUsiHtc9/ShMbcBOPZyRNyYpUeiZS2lSCZqb8nxjQ2ZhSHtjOmODCL3lT8z/MzjC6DsUjSDHnC5ouiTBJUZPo/6QnNGcqRJZRpYW8lbEA1ZWhTKtkQvMWXl0nzrOqdV6/uziu16zyOIhzBMZyCBxdQg1uoQwMYKHiGV3hz0Hlx3p2PeWvByWcO4Q+czx+TLZFz</latexit>

v0 & 18 TeV

<latexit sha1_base64="BJ0vU4qUOXNfTfpsYZN2Eet0G3k=">AAACAnicbVDLSgMxFL1TX7W+Rl2Jm2ARXZUZKVjBRcGNywp9QWcomTRtQ5OZIckUylDc+CtuXCji1q9w59+YtrPQ1gOBwznncnNPEHOmtON8W7m19Y3Nrfx2YWd3b//APjxqqiiRhDZIxCPZDrCinIW0oZnmtB1LikXAaSsY3c381phKxaKwricx9QUehKzPCNZG6ton4wvkDbQJCORWkIdSTwpUp81p1y46JWcOtErcjBQhQ61rf3m9iCSChppwrFTHdWLtp1hqRjidFrxE0RiTER7QjqEhFlT56fyEKTo3Sg/1I2leqNFc/T2RYqHURAQmKbAeqmVvJv7ndRLdr/gpC+NE05AsFvUTjnSEZn2gHpOUaD4xBBPJzF8RGWKJiTatFUwJ7vLJq6R5VXLLpZuHcrF6m9WRh1M4g0tw4RqqcA81aACBR3iGV3iznqwX6936WERzVjZzDH9gff4A9n+V4Q==</latexit>

ATLAS; 1906.05609

• Leading constraint on the parity-breaking scale from direct production of  exotic 
gauge bosons at the LHC

mW 0 ,mZ0 ⇠ 40 TeV

<latexit sha1_base64="K1/HeMzZQZj9tHneAhiOTeZEdd4=">AAACC3icbVDLSgMxFM34rPU16tJNaJG6kDIjBRVcFNy4rNAXdoYhk6ZtaJIZkoxQhtm78VfcuFDErT/gzr8xbWehrQcu93DOvST3hDGjSjvOt7Wyura+sVnYKm7v7O7t2weHbRUlEpMWjlgkuyFShFFBWppqRrqxJIiHjHTC8c3U7zwQqWgkmnoSE5+joaADipE2UmCXeJB2KtkZNP2+kkFPUQ5rDvRg6kkOm6SdBXbZqTozwGXi5qQMcjQC+8vrRzjhRGjMkFI914m1nyKpKWYkK3qJIjHCYzQkPUMF4kT56eyWDJ4YpQ8HkTQlNJypvzdSxJWa8NBMcqRHatGbiv95vUQPLv2UijjRROD5Q4OEQR3BaTCwTyXBmk0MQVhS81eIR0girE18RROCu3jyMmmfV91a9equVq5f53EUwDEogVPgggtQB7egAVoAg0fwDF7Bm/VkvVjv1sd8dMXKd47AH1ifP/7emR8=</latexit>

• Future colliders will such as a 100 TeV pp machine sensitive to

Craig, IGG, Koszegi, McCune [2012.13416]



Colliders�are�*central*�to�probe�parity�solutions�to�strong�CP

Parity solutions to strong CP

e

𝝂

W mW 0 ' gv0

2
& 6 TeV

<latexit sha1_base64="Ds8/TMQIemXmrpVn4j5bkmfV6Zo=">AAACG3icbVDLSgMxFM3UV62vqks3wSJ1VWZK8QEuCm5cVugLOqVk0jttaDIzJplCGeY/3Pgrblwo4kpw4d+YPhbaeiBwOOcebu7xIs6Utu1vK7O2vrG5ld3O7ezu7R/kD4+aKowlhQYNeSjbHlHAWQANzTSHdiSBCI9DyxvdTv3WGKRiYVDXkwi6ggwC5jNKtJF6+bLoJa1iil3FBDxg15eEJgM8LqZJ2agDbaICX2AXJ64UuA7NtJcv2CV7BrxKnAUpoAVqvfyn2w9pLCDQlBOlOo4d6W5CpGaUQ5pzYwURoSMygI6hARGgusnsthSfGaWP/VCaF2g8U38nEiKUmgjPTAqih2rZm4r/eZ1Y+1fdhAVRrCGg80V+zLEO8bQo3GcSqOYTQwiVzPwV0yEx9WhTZ86U4CyfvEqa5ZJTKV3fVwrVm0UdWXSCTtE5ctAlqqI7VEMNRNEjekav6M16sl6sd+tjPpqxFplj9AfW1w84q6BG</latexit>

)

<latexit sha1_base64="vQR7CsoBCcPd64yylbZsFGmWG3M=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUMFDwYvHKvYD0lA22027dJMNuxOllP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0ylMOi6305hZXVtfaO4Wdra3tndK+8fNI3KNOMNpqTS7ZAaLkXCGyhQ8naqOY1DyVvh8Gbqtx65NkIlDzhKeRDTfiIiwShaye/ci/4AqdbqqVuuuFV3BrJMvJxUIEe9W/7q9BTLYp4gk9QY33NTDMZUo2CST0qdzPCUsiHtc9/ShMbcBOPZyRNyYpUeiZS2lSCZqb8nxjQ2ZhSHtjOmODCL3lT8z/MzjC6DsUjSDHnC5ouiTBJUZPo/6QnNGcqRJZRpYW8lbEA1ZWhTKtkQvMWXl0nzrOqdV6/uziu16zyOIhzBMZyCBxdQg1uoQwMYKHiGV3hz0Hlx3p2PeWvByWcO4Q+czx+TLZFz</latexit>

v0 & 18 TeV
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ATLAS; 1906.05609

• Leading constraint on the parity-breaking scale from direct production of  exotic 
gauge bosons at the LHC

mW 0 ,mZ0 ⇠ 40 TeV
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• Future colliders will such as a 100 TeV pp machine sensitive to

• Parity structure ameliorates flavor problem

• Interesting cosmological signatures, including gravitational waves
etc…

Craig, IGG, Koszegi, McCune [2012.13416]



Colliders�are�*central*�to�probe�parity�solutions�to�strong�CP

Parity solutions to strong CP

e

𝝂

W mW 0 ' gv0

2
& 6 TeV

<latexit sha1_base64="Ds8/TMQIemXmrpVn4j5bkmfV6Zo=">AAACG3icbVDLSgMxFM3UV62vqks3wSJ1VWZK8QEuCm5cVugLOqVk0jttaDIzJplCGeY/3Pgrblwo4kpw4d+YPhbaeiBwOOcebu7xIs6Utu1vK7O2vrG5ld3O7ezu7R/kD4+aKowlhQYNeSjbHlHAWQANzTSHdiSBCI9DyxvdTv3WGKRiYVDXkwi6ggwC5jNKtJF6+bLoJa1iil3FBDxg15eEJgM8LqZJ2agDbaICX2AXJ64UuA7NtJcv2CV7BrxKnAUpoAVqvfyn2w9pLCDQlBOlOo4d6W5CpGaUQ5pzYwURoSMygI6hARGgusnsthSfGaWP/VCaF2g8U38nEiKUmgjPTAqih2rZm4r/eZ1Y+1fdhAVRrCGg80V+zLEO8bQo3GcSqOYTQwiVzPwV0yEx9WhTZ86U4CyfvEqa5ZJTKV3fVwrVm0UdWXSCTtE5ctAlqqI7VEMNRNEjekav6M16sl6sd+tjPpqxFplj9AfW1w84q6BG</latexit>

)

<latexit sha1_base64="vQR7CsoBCcPd64yylbZsFGmWG3M=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUMFDwYvHKvYD0lA22027dJMNuxOllP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0ylMOi6305hZXVtfaO4Wdra3tndK+8fNI3KNOMNpqTS7ZAaLkXCGyhQ8naqOY1DyVvh8Gbqtx65NkIlDzhKeRDTfiIiwShaye/ci/4AqdbqqVuuuFV3BrJMvJxUIEe9W/7q9BTLYp4gk9QY33NTDMZUo2CST0qdzPCUsiHtc9/ShMbcBOPZyRNyYpUeiZS2lSCZqb8nxjQ2ZhSHtjOmODCL3lT8z/MzjC6DsUjSDHnC5ouiTBJUZPo/6QnNGcqRJZRpYW8lbEA1ZWhTKtkQvMWXl0nzrOqdV6/uziu16zyOIhzBMZyCBxdQg1uoQwMYKHiGV3hz0Hlx3p2PeWvByWcO4Q+czx+TLZFz</latexit>

v0 & 18 TeV

<latexit sha1_base64="BJ0vU4qUOXNfTfpsYZN2Eet0G3k=">AAACAnicbVDLSgMxFL1TX7W+Rl2Jm2ARXZUZKVjBRcGNywp9QWcomTRtQ5OZIckUylDc+CtuXCji1q9w59+YtrPQ1gOBwznncnNPEHOmtON8W7m19Y3Nrfx2YWd3b//APjxqqiiRhDZIxCPZDrCinIW0oZnmtB1LikXAaSsY3c381phKxaKwricx9QUehKzPCNZG6ton4wvkDbQJCORWkIdSTwpUp81p1y46JWcOtErcjBQhQ61rf3m9iCSChppwrFTHdWLtp1hqRjidFrxE0RiTER7QjqEhFlT56fyEKTo3Sg/1I2leqNFc/T2RYqHURAQmKbAeqmVvJv7ndRLdr/gpC+NE05AsFvUTjnSEZn2gHpOUaD4xBBPJzF8RGWKJiTatFUwJ7vLJq6R5VXLLpZuHcrF6m9WRh1M4g0tw4RqqcA81aACBR3iGV3iznqwX6936WERzVjZzDH9gff4A9n+V4Q==</latexit>

ATLAS; 1906.05609
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• Future colliders will such as a 100 TeV pp machine sensitive to

• Parity structure ameliorates flavor problem

• Interesting cosmological signatures, including gravitational waves
etc…

Critical to explore new solutions to strong CP 
problem and their experimental implications

Craig, IGG, Koszegi, McCune [2012.13416]
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Parity solutions to strong CP



Today…

1. (My) highlights from the US P5 report

2. Gravitational waves and particle physics

3. Dark matter cornucopia

5. Gravity and Effective Field Theory

6. QFT in the non-perturbative regime

4. Strong-CP and flavor — beyond the QCD axion



Gravity and EFT

rooted�on�assumption�that�EFT�is�the�right�tool�to�approach�these�puzzles

Some of  the problems of  the SM, like the Electroweak Hierarchy and the 
Cosmological Constant problems, are problems of  Effective Field Theory



Gravity and EFT

Wilson, Kadanoff, etc… 1970s

Decoupling — The behavior of  a physical system in the infrared (IR) 
is largely independent of  its features in the ultraviolet (UV)   

EFT organizes a theory in terms of  energy scales

*�however…�*

rooted�on�assumption�that�EFT�is�the�right�tool�to�approach�these�puzzles

Some of  the problems of  the SM, like the Electroweak Hierarchy and the 
Cosmological Constant problems, are problems of  Effective Field Theory



Gravity and EFT

Wilson, Kadanoff, etc… 1970s

Decoupling — The behavior of  a physical system in the infrared (IR) 
is largely independent of  its features in the ultraviolet (UV)   

EFT organizes a theory in terms of  energy scales

Rules of  EFT need to be modified in a gravitational theory

Cosmological Constant and Electroweak Hierarchy problems rooted on 
assumption that EFT is the right tool approach these puzzles

*�however…�*

rooted�on�assumption�that�EFT�is�the�right�tool�to�approach�these�puzzles

Some of  the problems of  the SM, like the Electroweak Hierarchy and the 
Cosmological Constant problems, are problems of  Effective Field Theory

evidence�from�black�hole�thought�experiments�
and�formal�research�on�string�theory



Gravity and EFT
Cosmological Constant and Electroweak Hierarchy problems rooted on 

assumption that EFT is the right tool approach these puzzlesvsSBH =
A

4~GN
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Bekenstein (1973), Hawking (1975)

• Sub-extensive entropy:

• No global symmetries in quantum gravity
Zeldovich (1976); Banks, Dixon (1988);


Abbott, Wise (1989); Coleman, Lee (1990); etc
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Bekenstein (1973), Hawking (1975)

• Sub-extensive entropy:

• No global symmetries in quantum gravity

Can deviations from the EFT paradigm provide new 
light on some of  the problems of  the SM?

Zeldovich (1976); Banks, Dixon (1988);

Abbott, Wise (1989); Coleman, Lee (1990); etc

A few ideas… but a lot of  room for exploration!

EW hierarchy: Cheung, Remmen [1402.2287] + Craig, IGG, Koren [1904.08426]

CC problem: Cohen, Kaplan, Nelson [9803132] + Banks, Draper [1911.05778]



Today…

1. (My) highlights from the US P5 report

2. Gravitational waves and particle physics

3. Dark matter cornucopia

5. Gravity and Effective Field Theory

6. QFT in the non-perturbative regime

4. Strong-CP and flavor — beyond the QCD axion



QFT beyond perturbation theory

• Soliton-like defects absent in the SM, but common in many extensions

• Evolution and interactions of  non-perturbative defects crucial to understand 
their evolution in the early universe

• Interest in new (generalized) symmetries — may play a role in particle physics

• Quantum computer as simulators of  strongly interacting theories and QFT in 
medium

• Despite numerical lattice simulations, still no proof  of  QCD confinement

Non-perturbative QFT crucial to understand 
the Standard Model and beyond

e.g.�domain�walls,�cosmic�strings…

With�implications�for�gravitational�wave�signatures�and�DM�production

see e.g. [2205.09545] and refs. 



Conclusions

Success in particle physics means never losing the drive to explore places 
we have never been before — at smaller distances or higher intensities

At the moment: many major puzzles + theoretical developments + 
diversity of  experiments — an exciting time to be a particle physicist

Thank you!
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Figure 1  –  Program and Timeline in Baseline Scenario
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within the baseline scenario. Projects in each cate-

gory are in chronological order. For IceCube-Gen2 

and CTA, we do not have information on budgetary 

constraints and hence timelines are only technically 

limited. The primary/secondary driver designation 

reflects the panel’s understanding of a project’s 

focus, not the relative strength of the science cases. 

Projects that share a driver, whether primary or 

secondary, generally address that driver in different 

and complementary ways.



Small-Scale Experiments
Proliferation of  many small-scale experiments over the last decade, 
many focused on detection of  light bosons particles and dark matter
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Recommendation to implement a new small-project portfolio: 
“Advancing Science and Technology through Agile Experiments” (ASTAE)


