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The Standard Model
• Nature is described by internal 

symmetries, e.g. 

  and spacetime symmetries

Illustration by Sandbox Studio, Chicago with Corinne Mucha

<latexit sha1_base64="EWco8JOe+qfZZ89sDbTyiCUYyl0=">AAACDXicdVC7TsMwFHXKq5RXgJHFoiC1S5QUVOhW0YWBoQjSFrVR5LhOa9V5yHaQqqg/wMKvsDCAECs7G3+D+5J4HsnSuefcq+t7vJhRIU3zQ8ssLC4tr2RXc2vrG5tb+vZOQ0QJx8TGEYt4y0OCMBoSW1LJSCvmBAUeI01vUBv7zVvCBY3CazmMiROgXkh9ipFUkqsfXNmFo6Jbgx1JAyKgKktF92Je2gWr6N64et40KhWzXLLgb2IZ5gR5MEPd1d873QgnAQklZkiItmXG0kkRlxQzMsp1EkFihAeoR9qKhkjtctLJNSN4qJQu9COuXijhRP06kaJAiGHgqc4Ayb746Y3Fv7x2Iv1TJ6VhnEgS4ukiP2FQRnAcDexSTrBkQ0UQ5lT9FeI+4ghLFWBOhTC/FP5PGiXDKhvly+N89WwWRxbsgX1QABY4AVVwDurABhjcgQfwBJ61e+1Re9Fep60ZbTazC75Be/sEH6+ZHg==</latexit>

SU(3)C → SU(2)L → U(1)Y

<latexit sha1_base64="wYG68sMOpOvsz7Mcce5GNFvprOY=">AAAB73icdVDLSsNAFL2prxpfVZduBovgooSkSLW7YjcuK7S10IYymU7aoZNJnJkIJfQn3LhQxK2/486/cfoQfB64cDjnXu69J0g4U9p1363cyura+kZ+097a3tndK+wftFWcSkJbJOax7ARYUc4EbWmmOe0kkuIo4PQmGNdn/s0dlYrFoqknCfUjPBQsZARrI3XqJdSwS6jZLxRdp1p1K2UP/Sae485RhCUa/cJbbxCTNKJCE46V6npuov0MS80Ip1O7lyqaYDLGQ9o1VOCIKj+b3ztFJ0YZoDCWpoRGc/XrRIYjpSZRYDojrEfqpzcT//K6qQ4v/IyJJNVUkMWiMOVIx2j2PBowSYnmE0MwkczcisgIS0y0icg2IXx+iv4n7bLjVZzK9VmxdrmMIw9HcAyn4ME51OAKGtACAhzu4RGerFvrwXq2XhatOWs5cwjfYL1+AAURjq8=</latexit>

C,P, T
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The Standard Model
EWSB

…

<latexit sha1_base64="EWco8JOe+qfZZ89sDbTyiCUYyl0=">AAACDXicdVC7TsMwFHXKq5RXgJHFoiC1S5QUVOhW0YWBoQjSFrVR5LhOa9V5yHaQqqg/wMKvsDCAECs7G3+D+5J4HsnSuefcq+t7vJhRIU3zQ8ssLC4tr2RXc2vrG5tb+vZOQ0QJx8TGEYt4y0OCMBoSW1LJSCvmBAUeI01vUBv7zVvCBY3CazmMiROgXkh9ipFUkqsfXNmFo6Jbgx1JAyKgKktF92Je2gWr6N64et40KhWzXLLgb2IZ5gR5MEPd1d873QgnAQklZkiItmXG0kkRlxQzMsp1EkFihAeoR9qKhkjtctLJNSN4qJQu9COuXijhRP06kaJAiGHgqc4Ayb746Y3Fv7x2Iv1TJ6VhnEgS4ukiP2FQRnAcDexSTrBkQ0UQ5lT9FeI+4ghLFWBOhTC/FP5PGiXDKhvly+N89WwWRxbsgX1QABY4AVVwDurABhjcgQfwBJ61e+1Re9Fep60ZbTazC75Be/sEH6+ZHg==</latexit>

SU(3)C → SU(2)L → U(1)Y

<latexit sha1_base64="wYG68sMOpOvsz7Mcce5GNFvprOY=">AAAB73icdVDLSsNAFL2prxpfVZduBovgooSkSLW7YjcuK7S10IYymU7aoZNJnJkIJfQn3LhQxK2/486/cfoQfB64cDjnXu69J0g4U9p1363cyura+kZ+097a3tndK+wftFWcSkJbJOax7ARYUc4EbWmmOe0kkuIo4PQmGNdn/s0dlYrFoqknCfUjPBQsZARrI3XqJdSwS6jZLxRdp1p1K2UP/Sae485RhCUa/cJbbxCTNKJCE46V6npuov0MS80Ip1O7lyqaYDLGQ9o1VOCIKj+b3ztFJ0YZoDCWpoRGc/XrRIYjpSZRYDojrEfqpzcT//K6qQ4v/IyJJNVUkMWiMOVIx2j2PBowSYnmE0MwkczcisgIS0y0icg2IXx+iv4n7bLjVZzK9VmxdrmMIw9HcAyn4ME51OAKGtACAhzu4RGerFvrwXq2XhatOWs5cwjfYL1+AAURjq8=</latexit>

C,P, T

• Nature is described by internal 
symmetries, e.g. 

  and spacetime symmetries

3

Electron  
<latexit sha1_base64="KMCjM0UoVnY49QaEoMYrqvLlJ50=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgxpAUiXZXdOOyon1AG8pkOkmHTiZhZiKU0E9w40IRt36RO//G6UPweeDC4Zx7ufeeIOVMacd5twpLyyura8X10sbm1vZOeXevpZJMEtokCU9kJ8CKciZoUzPNaSeVFMcBp+1gdDn123dUKpaIWz1OqR/jSLCQEayNdBOdVPvlimPXao5XddFv4trODBVYoNEvv/UGCcliKjThWKmu66Taz7HUjHA6KfUyRVNMRjiiXUMFjqny89mpE3RklAEKE2lKaDRTv07kOFZqHAemM8Z6qH56U/Evr5vp8NzPmUgzTQWZLwozjnSCpn+jAZOUaD42BBPJzK2IDLHERJt0SiaEz0/R/6RVtV3P9q5PK/WLRRxFOIBDOAYXzqAOV9CAJhCI4B4e4cni1oP1bL3MWwvWYmYfvsF6/QAgc426</latexit>

g → 2



The Standard Model
EWSB

Electron  

…
Dark Matter (observation)

<latexit sha1_base64="EWco8JOe+qfZZ89sDbTyiCUYyl0=">AAACDXicdVC7TsMwFHXKq5RXgJHFoiC1S5QUVOhW0YWBoQjSFrVR5LhOa9V5yHaQqqg/wMKvsDCAECs7G3+D+5J4HsnSuefcq+t7vJhRIU3zQ8ssLC4tr2RXc2vrG5tb+vZOQ0QJx8TGEYt4y0OCMBoSW1LJSCvmBAUeI01vUBv7zVvCBY3CazmMiROgXkh9ipFUkqsfXNmFo6Jbgx1JAyKgKktF92Je2gWr6N64et40KhWzXLLgb2IZ5gR5MEPd1d873QgnAQklZkiItmXG0kkRlxQzMsp1EkFihAeoR9qKhkjtctLJNSN4qJQu9COuXijhRP06kaJAiGHgqc4Ayb746Y3Fv7x2Iv1TJ6VhnEgS4ukiP2FQRnAcDexSTrBkQ0UQ5lT9FeI+4ghLFWBOhTC/FP5PGiXDKhvly+N89WwWRxbsgX1QABY4AVVwDurABhjcgQfwBJ61e+1Re9Fep60ZbTazC75Be/sEH6+ZHg==</latexit>

SU(3)C → SU(2)L → U(1)Y

<latexit sha1_base64="wYG68sMOpOvsz7Mcce5GNFvprOY=">AAAB73icdVDLSsNAFL2prxpfVZduBovgooSkSLW7YjcuK7S10IYymU7aoZNJnJkIJfQn3LhQxK2/486/cfoQfB64cDjnXu69J0g4U9p1363cyura+kZ+097a3tndK+wftFWcSkJbJOax7ARYUc4EbWmmOe0kkuIo4PQmGNdn/s0dlYrFoqknCfUjPBQsZARrI3XqJdSwS6jZLxRdp1p1K2UP/Sae485RhCUa/cJbbxCTNKJCE46V6npuov0MS80Ip1O7lyqaYDLGQ9o1VOCIKj+b3ztFJ0YZoDCWpoRGc/XrRIYjpSZRYDojrEfqpzcT//K6qQ4v/IyJJNVUkMWiMOVIx2j2PBowSYnmE0MwkczcisgIS0y0icg2IXx+iv4n7bLjVZzK9VmxdrmMIw9HcAyn4ME51OAKGtACAhzu4RGerFvrwXq2XhatOWs5cwjfYL1+AAURjq8=</latexit>

C,P, T

• Nature is described by internal 
symmetries, e.g. 

  and spacetime symmetries

<latexit sha1_base64="KMCjM0UoVnY49QaEoMYrqvLlJ50=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgxpAUiXZXdOOyon1AG8pkOkmHTiZhZiKU0E9w40IRt36RO//G6UPweeDC4Zx7ufeeIOVMacd5twpLyyura8X10sbm1vZOeXevpZJMEtokCU9kJ8CKciZoUzPNaSeVFMcBp+1gdDn123dUKpaIWz1OqR/jSLCQEayNdBOdVPvlimPXao5XddFv4trODBVYoNEvv/UGCcliKjThWKmu66Taz7HUjHA6KfUyRVNMRjiiXUMFjqny89mpE3RklAEKE2lKaDRTv07kOFZqHAemM8Z6qH56U/Evr5vp8NzPmUgzTQWZLwozjnSCpn+jAZOUaD42BBPJzK2IDLHERJt0SiaEz0/R/6RVtV3P9q5PK/WLRRxFOIBDOAYXzqAOV9CAJhCI4B4e4cni1oP1bL3MWwvWYmYfvsF6/QAgc426</latexit>

g → 2
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The Standard Model
EWSB

…
Dark Matter (observation)

<latexit sha1_base64="EWco8JOe+qfZZ89sDbTyiCUYyl0=">AAACDXicdVC7TsMwFHXKq5RXgJHFoiC1S5QUVOhW0YWBoQjSFrVR5LhOa9V5yHaQqqg/wMKvsDCAECs7G3+D+5J4HsnSuefcq+t7vJhRIU3zQ8ssLC4tr2RXc2vrG5tb+vZOQ0QJx8TGEYt4y0OCMBoSW1LJSCvmBAUeI01vUBv7zVvCBY3CazmMiROgXkh9ipFUkqsfXNmFo6Jbgx1JAyKgKktF92Je2gWr6N64et40KhWzXLLgb2IZ5gR5MEPd1d873QgnAQklZkiItmXG0kkRlxQzMsp1EkFihAeoR9qKhkjtctLJNSN4qJQu9COuXijhRP06kaJAiGHgqc4Ayb746Y3Fv7x2Iv1TJ6VhnEgS4ukiP2FQRnAcDexSTrBkQ0UQ5lT9FeI+4ghLFWBOhTC/FP5PGiXDKhvly+N89WwWRxbsgX1QABY4AVVwDurABhjcgQfwBJ61e+1Re9Fep60ZbTazC75Be/sEH6+ZHg==</latexit>

SU(3)C → SU(2)L → U(1)Y

<latexit sha1_base64="wYG68sMOpOvsz7Mcce5GNFvprOY=">AAAB73icdVDLSsNAFL2prxpfVZduBovgooSkSLW7YjcuK7S10IYymU7aoZNJnJkIJfQn3LhQxK2/486/cfoQfB64cDjnXu69J0g4U9p1363cyura+kZ+097a3tndK+wftFWcSkJbJOax7ARYUc4EbWmmOe0kkuIo4PQmGNdn/s0dlYrFoqknCfUjPBQsZARrI3XqJdSwS6jZLxRdp1p1K2UP/Sae485RhCUa/cJbbxCTNKJCE46V6npuov0MS80Ip1O7lyqaYDLGQ9o1VOCIKj+b3ztFJ0YZoDCWpoRGc/XrRIYjpSZRYDojrEfqpzcT//K6qQ4v/IyJJNVUkMWiMOVIx2j2PBowSYnmE0MwkczcisgIS0y0icg2IXx+iv4n7bLjVZzK9VmxdrmMIw9HcAyn4ME51OAKGtACAhzu4RGerFvrwXq2XhatOWs5cwjfYL1+AAURjq8=</latexit>

C,P, T

• Nature is described by internal 
symmetries, e.g. 

  and spacetime symmetries

Electron  
<latexit sha1_base64="KMCjM0UoVnY49QaEoMYrqvLlJ50=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgxpAUiXZXdOOyon1AG8pkOkmHTiZhZiKU0E9w40IRt36RO//G6UPweeDC4Zx7ufeeIOVMacd5twpLyyura8X10sbm1vZOeXevpZJMEtokCU9kJ8CKciZoUzPNaSeVFMcBp+1gdDn123dUKpaIWz1OqR/jSLCQEayNdBOdVPvlimPXao5XddFv4trODBVYoNEvv/UGCcliKjThWKmu66Taz7HUjHA6KfUyRVNMRjiiXUMFjqny89mpE3RklAEKE2lKaDRTv07kOFZqHAemM8Z6qH56U/Evr5vp8NzPmUgzTQWZLwozjnSCpn+jAZOUaD42BBPJzK2IDLHERJt0SiaEz0/R/6RVtV3P9q5PK/WLRRxFOIBDOAYXzqAOV9CAJhCI4B4e4cni1oP1bL3MWwvWYmYfvsF6/QAgc426</latexit>

g → 2

      (theoretical)
<latexit sha1_base64="M+rIP0WqfMDfelP2TjvqjqnLtO0=">AAAB6XicdVDLSgMxFL1TX7W+qi7dBIvgqsyItC6L3bisYh/QDpJJ77ShmcyQZIQy9A/cuFDErX/kzr8xfQj1dSBwOOdc7s0JEsG1cd0PJ7eyura+kd8sbG3v7O4V9w9aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjVp377HpXmsbw14wT9iA4kDzmjxko39cZdseSV3RmI+4t8WSVYwObfe/2YpRFKwwTVuuu5ifEzqgxnAieFXqoxoWxEB9i1VNIItZ/NLp2QE6v0SRgr+6QhM3V5IqOR1uMosMmImqH+6U3Fv7xuasILP+MySQ1KNl8UpoKYmEy/TfpcITNibAllittbCRtSRZmx5RSWS/iftM7KXqVcuT4v1S4XdeThCI7hFDyoQg2uoAFNYBDCAzzBszNyHp0X53UezTmLmUP4BuftEzltjS0=</latexit>

CP
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CP Violation in the SM
•  from weak sector ( ) and strong sector ( ): 
• Weak   Kaon decays, etc.  
• Strong ?

CP δ θ
CP → δ ∼ 1.2 rad
CP

6



Hook (TASI)

CP Violation in the SM
•  from weak sector ( ) and strong sector ( ): 
• Weak   Kaon decays, etc.  
• Strong ?

CP δ θ
CP → δ ∼ 1.2 rad
CP

ℒCP ⊃
θ

16π2
GμνG̃μν

|dn | ∼ 10−16θ e ⋅ cm

7



Hook (TASI)

CP Violation in the SM
•  from weak sector ( ) and strong sector ( ): 
• Weak   Kaon decays, etc.  
• Strong ?

CP δ θ
CP → δ ∼ 1.2 rad
CP

|dn | ∼ 10−16θ e ⋅ cm

θ ≲ 10−10

ℒCP ⊃
θ

16π2
GμνG̃μν

8



CP Violation in the SM
•  from weak sector ( ) and strong sector ( ): 
• Weak   Kaon decays, etc.  
• Strong   nEDM, 

CP δ θ
CP → δ ∼ 1.2 rad
CP → θ ≲ 10−10 rad

9



CP Violation in the SM
•  from weak sector ( ) and strong sector ( ): 
• Weak   Kaon decays, etc.  
• Strong   nEDM, 

CP δ θ
CP → δ ∼ 1.2 rad
CP → θ ≲ 10−10 rad Weak  discoveredCP

10



CP Violation in the SM
•  from weak sector ( ) and strong sector ( ): 
• Weak   Kaon decays, etc.  
• Strong   nEDM,  
• Strong CP Problem: Why do the strong                               

interactions conserve CP while the weak                                     
interactions maximally violate CP?

CP δ θ
CP → δ ∼ 1.2 rad
CP → θ ≲ 10−10 rad Weak  discoveredCP

11



Solving the Strong CP Problem
• Peccei-Quinn mechanism:

θ
θCP

<latexit sha1_base64="rgjtqWgWMAxl7QQtNqmTHqoSD/w="></latexit>

L → ω

16ε2
GG̃ ↑↓ ω + a/fa

16ε2
GG̃

<latexit sha1_base64="Vb2XabeL6JirN/Y9+GCUQ493yfM=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoMQL8uuJJvkFvTiMYJ5SLKE2clsMmT2wUyvEJZ8hRcPinj1c7z5N84mEVS0oKGo6qa7y4sFV2BZH0ZubX1jcyu/XdjZ3ds/KB4edVSUSMraNBKR7HlEMcFD1gYOgvViyUjgCdb1pleZ371nUvEovIVZzNyAjEPuc0pAS3ed8gAmDMj5sFiyzEalZttVrIlTq9p2RhpOpVrHtmktUEIrtIbF98EooknAQqCCKNW3rRjclEjgVLB5YZAoFhM6JWPW1zQkAVNuujh4js+0MsJ+JHWFgBfq94mUBErNAk93BgQm6reXiX95/QT8upvyME6AhXS5yE8Ehghn3+MRl4yCmGlCqOT6VkwnRBIKOqOCDuHrU/w/6VyYtmM6N5VS83IVRx6doFNURjaqoSa6Ri3URhQF6AE9oWdDGo/Gi/G6bM0Zq5lj9APG2yel6ZBZ</latexit>

V (ω)

12



Solving the Strong CP Problem
• Peccei-Quinn mechanism: 

• Dynamically sets  to 0 
• Oscillations around minimum                                               

correspond to DM today

θ

θ
θCP

<latexit sha1_base64="rgjtqWgWMAxl7QQtNqmTHqoSD/w="></latexit>

L → ω

16ε2
GG̃ ↑↓ ω + a/fa

16ε2
GG̃

<latexit sha1_base64="Vb2XabeL6JirN/Y9+GCUQ493yfM=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoMQL8uuJJvkFvTiMYJ5SLKE2clsMmT2wUyvEJZ8hRcPinj1c7z5N84mEVS0oKGo6qa7y4sFV2BZH0ZubX1jcyu/XdjZ3ds/KB4edVSUSMraNBKR7HlEMcFD1gYOgvViyUjgCdb1pleZ371nUvEovIVZzNyAjEPuc0pAS3ed8gAmDMj5sFiyzEalZttVrIlTq9p2RhpOpVrHtmktUEIrtIbF98EooknAQqCCKNW3rRjclEjgVLB5YZAoFhM6JWPW1zQkAVNuujh4js+0MsJ+JHWFgBfq94mUBErNAk93BgQm6reXiX95/QT8upvyME6AhXS5yE8Ehghn3+MRl4yCmGlCqOT6VkwnRBIKOqOCDuHrU/w/6VyYtmM6N5VS83IVRx6doFNURjaqoSa6Ri3URhQF6AE9oWdDGo/Gi/G6bM0Zq5lj9APG2yel6ZBZ</latexit>

V (ω)

13



Solving the Strong CP Problem
• Peccei-Quinn mechanism: 

• Dynamically sets  to 0 
• Oscillations around minimum                                               

correspond to DM today 
• Very light DM:

θ

θ
θCP

<latexit sha1_base64="rgjtqWgWMAxl7QQtNqmTHqoSD/w="></latexit>

L → ω

16ε2
GG̃ ↑↓ ω + a/fa

16ε2
GG̃

<latexit sha1_base64="m65stWUxIYz28KLQTD5QbtmGl7k="></latexit>

ma → µeV

(
1012 GeV

fa

)

<latexit sha1_base64="Vb2XabeL6JirN/Y9+GCUQ493yfM=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoMQL8uuJJvkFvTiMYJ5SLKE2clsMmT2wUyvEJZ8hRcPinj1c7z5N84mEVS0oKGo6qa7y4sFV2BZH0ZubX1jcyu/XdjZ3ds/KB4edVSUSMraNBKR7HlEMcFD1gYOgvViyUjgCdb1pleZ371nUvEovIVZzNyAjEPuc0pAS3ed8gAmDMj5sFiyzEalZttVrIlTq9p2RhpOpVrHtmktUEIrtIbF98EooknAQqCCKNW3rRjclEjgVLB5YZAoFhM6JWPW1zQkAVNuujh4js+0MsJ+JHWFgBfq94mUBErNAk93BgQm6reXiX95/QT8upvyME6AhXS5yE8Ehghn3+MRl4yCmGlCqOT6VkwnRBIKOqOCDuHrU/w/6VyYtmM6N5VS83IVRx6doFNURjaqoSa6Ri3URhQF6AE9oWdDGo/Gi/G6bM0Zq5lj9APG2yel6ZBZ</latexit>

V (ω)

14



Light Relics

15

Temperature

<latexit sha1_base64="KVZOdNDhMZbWm8dceW/W4ZbMWg8=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiRFot0V3bis2Be0oUwmk3boZBJmJkIJ/QQ3LhRx6xe582+cPgSfBy4czrmXe+8JUs6Udpx3q7Cyura+UdwsbW3v7O6V9w/aKskkoS2S8ER2A6woZ4K2NNOcdlNJcRxw2gnGVzO/c0elYolo6klK/RgPBYsYwdpIt81BOChXHLtWc7yqi34T13bmqMASjUH5rR8mJIup0IRjpXquk2o/x1Izwum01M8UTTEZ4yHtGSpwTJWfz0+dohOjhChKpCmh0Vz9OpHjWKlJHJjOGOuR+unNxL+8XqajCz9nIs00FWSxKMo40gma/Y1CJinRfGIIJpKZWxEZYYmJNumUTAifn6L/Sbtqu57t3ZxV6pfLOIpwBMdwCi6cQx2uoQEtIDCEe3iEJ4tbD9az9bJoLVjLmUP4Buv1A5tDjgs=</latexit>

Td

<latexit sha1_base64="Z96k2twgZcGEaJ3dbbHPwHbr/Dw=">AAACA3icdVDLSgMxFM34rPU16k43wSLUzTBTpFpwUXRhlxX6gk4pmTTThiaZIckIZSi48VfcuFDErT/hzr8xfQg+D1zu4Zx7Se4JYkaVdt13a2FxaXllNbOWXd/Y3Nq2d3YbKkokJnUcsUi2AqQIo4LUNdWMtGJJEA8YaQbDy4nfvCFS0UjU9CgmHY76goYUI22krr3vXyHOUTf1JYdU6HG+dgzPYcW0rp1znVLJLRY8+Jt4jjtFDsxR7dpvfi/CCSdCY4aUanturDspkppiRsZZP1EkRniI+qRtqECcqE46vWEMj4zSg2EkTQkNp+rXjRRxpUY8MJMc6YH66U3Ev7x2osOzTkpFnGgi8OyhMGFQR3ASCOxRSbBmI0MQltT8FeIBkghrE1vWhPB5KfyfNAqOV3SK1ye58sU8jgw4AIcgDzxwCsqgAqqgDjC4BffgETxZd9aD9Wy9zEYXrPnOHvgG6/UDxP+WVQ==</latexit>

!int(T ) < H(T )

<latexit sha1_base64="lhp/lkNffA9xBrv5dg/2U8DlLWo=">AAACA3icdVDLSgMxFM34rPU16k43wSLUzTBTpNqFUHRhlxX6gk4pmTTThiaZIckIZSi48VfcuFDErT/hzr8xfQg+D1zu4Zx7Se4JYkaVdt13a2FxaXllNbOWXd/Y3Nq2d3YbKkokJnUcsUi2AqQIo4LUNdWMtGJJEA8YaQbDy4nfvCFS0UjU9CgmHY76goYUI22krr3vXyHOUTf1JYdU6HG+dgzPYcW0rp1znVLJLRY8+Jt4jjtFDsxR7dpvfi/CCSdCY4aUanturDspkppiRsZZP1EkRniI+qRtqECcqE46vWEMj4zSg2EkTQkNp+rXjRRxpUY8MJMc6YH66U3Ev7x2osOzTkpFnGgi8OyhMGFQR3ASCOxRSbBmI0MQltT8FeIBkghrE1vWhPB5KfyfNAqOV3SK1ye58sU8jgw4AIcgDzxwCsqgAqqgDjC4BffgETxZd9aD9Wy9zEYXrPnOHvgG6/UDxoiWVg==</latexit>

!int(T ) = H(T )

<latexit sha1_base64="mTkUBrh0w/EOzZ4Zo4HOyHNF1Mg=">AAACA3icdVDLSgMxFM34rPU16k43wSLUzTBTpNqNFF3YZYW+oFNKJs20oUlmSDJCGQpu/BU3LhRx60+4829MH4LPA5d7OOdeknuCmFGlXffdWlhcWl5Zzaxl1zc2t7btnd2GihKJSR1HLJKtACnCqCB1TTUjrVgSxANGmsHwcuI3b4hUNBI1PYpJh6O+oCHFSBupa+/7V4hz1E19ySEVepyvHcNzWDGta+dcp1RyiwUP/iae406RA3NUu/ab34twwonQmCGl2p4b606KpKaYkXHWTxSJER6iPmkbKhAnqpNObxjDI6P0YBhJU0LDqfp1I0VcqREPzCRHeqB+ehPxL6+d6PCsk1IRJ5oIPHsoTBjUEZwEAntUEqzZyBCEJTV/hXiAJMLaxJY1IXxeCv8njYLjFZ3i9UmufDGPIwMOwCHIAw+cgjKogCqoAwxuwT14BE/WnfVgPVsvs9EFa76zB77Bev0AyBGWVw==</latexit>

!int(T ) > H(T )

<latexit sha1_base64="gpSONUE9UgfBR9+hjN5Z9HySUw4=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmaCRHMLevGYgImBZAg9nZqkTc9Cd08gDPkCLx4U8eonefNv7CyC64OCx3tVVNXzE8GVdpx3K7eyura+kd8sbG3v7O4V9w9aKk4lwyaLRSzbPlUoeIRNzbXAdiKRhr7AW390NfNvxygVj6MbPUnQC+kg4gFnVBupMe4VS45drTqVskt+E9d25ijBEvVe8a3bj1kaYqSZoEp1XCfRXkal5kzgtNBNFSaUjegAO4ZGNETlZfNDp+TEKH0SxNJUpMlc/TqR0VCpSeibzpDqofrpzcS/vE6qgwsv41GSaozYYlGQCqJjMvua9LlEpsXEEMokN7cSNqSSMm2yKZgQPj8l/5NW2XYrdqVxVqpdLuPIwxEcwym4cA41uIY6NIEBwj08wpN1Zz1Yz9bLojVnLWcO4Rus1w9cX41W</latexit>v
<latexit sha1_base64="8vLT2xhh3djWFdMyzN9vVJS3LWs=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmaCRHMLevEYMRskQ+jp9CRNerqH7h4hDPkELx4U8eoXefNv7CyC64OCx3tVVNULE8608bx3J7eyura+kd8sbG3v7O4V9w9aWqaK0CaRXKpOiDXlTNCmYYbTTqIojkNO2+H4aua376jSTIqGmSQ0iPFQsIgRbKx02+h7/WLJc6tVr1L20W/iu94cJVii3i++9QaSpDEVhnCsddf3EhNkWBlGOJ0WeqmmCSZjPKRdSwWOqQ6y+alTdGKVAYqksiUMmqtfJzIcaz2JQ9sZYzPSP72Z+JfXTU10EWRMJKmhgiwWRSlHRqLZ32jAFCWGTyzBRDF7KyIjrDAxNp2CDeHzU/Q/aZVdv+JWbs5KtctlHHk4gmM4BR/OoQbXUIcmEBjCPTzCk8OdB+fZeVm05pzlzCF8g/P6AUxzjdc=</latexit>

T0
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Temperature

<latexit sha1_base64="KVZOdNDhMZbWm8dceW/W4ZbMWg8=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiRFot0V3bis2Be0oUwmk3boZBJmJkIJ/QQ3LhRx6xe582+cPgSfBy4czrmXe+8JUs6Udpx3q7Cyura+UdwsbW3v7O6V9w/aKskkoS2S8ER2A6woZ4K2NNOcdlNJcRxw2gnGVzO/c0elYolo6klK/RgPBYsYwdpIt81BOChXHLtWc7yqi34T13bmqMASjUH5rR8mJIup0IRjpXquk2o/x1Izwum01M8UTTEZ4yHtGSpwTJWfz0+dohOjhChKpCmh0Vz9OpHjWKlJHJjOGOuR+unNxL+8XqajCz9nIs00FWSxKMo40gma/Y1CJinRfGIIJpKZWxEZYYmJNumUTAifn6L/Sbtqu57t3ZxV6pfLOIpwBMdwCi6cQx2uoQEtIDCEe3iEJ4tbD9az9bJoLVjLmUP4Buv1A5tDjgs=</latexit>

Td

<latexit sha1_base64="Z96k2twgZcGEaJ3dbbHPwHbr/Dw=">AAACA3icdVDLSgMxFM34rPU16k43wSLUzTBTpFpwUXRhlxX6gk4pmTTThiaZIckIZSi48VfcuFDErT/hzr8xfQg+D1zu4Zx7Se4JYkaVdt13a2FxaXllNbOWXd/Y3Nq2d3YbKkokJnUcsUi2AqQIo4LUNdWMtGJJEA8YaQbDy4nfvCFS0UjU9CgmHY76goYUI22krr3vXyHOUTf1JYdU6HG+dgzPYcW0rp1znVLJLRY8+Jt4jjtFDsxR7dpvfi/CCSdCY4aUanturDspkppiRsZZP1EkRniI+qRtqECcqE46vWEMj4zSg2EkTQkNp+rXjRRxpUY8MJMc6YH66U3Ev7x2osOzTkpFnGgi8OyhMGFQR3ASCOxRSbBmI0MQltT8FeIBkghrE1vWhPB5KfyfNAqOV3SK1ye58sU8jgw4AIcgDzxwCsqgAqqgDjC4BffgETxZd9aD9Wy9zEYXrPnOHvgG6/UDxP+WVQ==</latexit>

!int(T ) < H(T )

<latexit sha1_base64="lhp/lkNffA9xBrv5dg/2U8DlLWo=">AAACA3icdVDLSgMxFM34rPU16k43wSLUzTBTpNqFUHRhlxX6gk4pmTTThiaZIckIZSi48VfcuFDErT/hzr8xfQg+D1zu4Zx7Se4JYkaVdt13a2FxaXllNbOWXd/Y3Nq2d3YbKkokJnUcsUi2AqQIo4LUNdWMtGJJEA8YaQbDy4nfvCFS0UjU9CgmHY76goYUI22krr3vXyHOUTf1JYdU6HG+dgzPYcW0rp1znVLJLRY8+Jt4jjtFDsxR7dpvfi/CCSdCY4aUanturDspkppiRsZZP1EkRniI+qRtqECcqE46vWEMj4zSg2EkTQkNp+rXjRRxpUY8MJMc6YH66U3Ev7x2osOzTkpFnGgi8OyhMGFQR3ASCOxRSbBmI0MQltT8FeIBkghrE1vWhPB5KfyfNAqOV3SK1ye58sU8jgw4AIcgDzxwCsqgAqqgDjC4BffgETxZd9aD9Wy9zEYXrPnOHvgG6/UDxoiWVg==</latexit>

!int(T ) = H(T )

<latexit sha1_base64="mTkUBrh0w/EOzZ4Zo4HOyHNF1Mg=">AAACA3icdVDLSgMxFM34rPU16k43wSLUzTBTpNqNFF3YZYW+oFNKJs20oUlmSDJCGQpu/BU3LhRx60+4829MH4LPA5d7OOdeknuCmFGlXffdWlhcWl5Zzaxl1zc2t7btnd2GihKJSR1HLJKtACnCqCB1TTUjrVgSxANGmsHwcuI3b4hUNBI1PYpJh6O+oCHFSBupa+/7V4hz1E19ySEVepyvHcNzWDGta+dcp1RyiwUP/iae406RA3NUu/ab34twwonQmCGl2p4b606KpKaYkXHWTxSJER6iPmkbKhAnqpNObxjDI6P0YBhJU0LDqfp1I0VcqREPzCRHeqB+ehPxL6+d6PCsk1IRJ5oIPHsoTBjUEZwEAntUEqzZyBCEJTV/hXiAJMLaxJY1IXxeCv8njYLjFZ3i9UmufDGPIwMOwCHIAw+cgjKogCqoAwxuwT14BE/WnfVgPVsvs9EFa76zB77Bev0AyBGWVw==</latexit>

!int(T ) > H(T )

<latexit sha1_base64="gpSONUE9UgfBR9+hjN5Z9HySUw4=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmaCRHMLevGYgImBZAg9nZqkTc9Cd08gDPkCLx4U8eonefNv7CyC64OCx3tVVNXzE8GVdpx3K7eyura+kd8sbG3v7O4V9w9aKk4lwyaLRSzbPlUoeIRNzbXAdiKRhr7AW390NfNvxygVj6MbPUnQC+kg4gFnVBupMe4VS45drTqVskt+E9d25ijBEvVe8a3bj1kaYqSZoEp1XCfRXkal5kzgtNBNFSaUjegAO4ZGNETlZfNDp+TEKH0SxNJUpMlc/TqR0VCpSeibzpDqofrpzcS/vE6qgwsv41GSaozYYlGQCqJjMvua9LlEpsXEEMokN7cSNqSSMm2yKZgQPj8l/5NW2XYrdqVxVqpdLuPIwxEcwym4cA41uIY6NIEBwj08wpN1Zz1Yz9bLojVnLWcO4Rus1w9cX41W</latexit>v
<latexit sha1_base64="8vLT2xhh3djWFdMyzN9vVJS3LWs=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmaCRHMLevEYMRskQ+jp9CRNerqH7h4hDPkELx4U8eoXefNv7CyC64OCx3tVVNULE8608bx3J7eyura+kd8sbG3v7O4V9w9aWqaK0CaRXKpOiDXlTNCmYYbTTqIojkNO2+H4aua376jSTIqGmSQ0iPFQsIgRbKx02+h7/WLJc6tVr1L20W/iu94cJVii3i++9QaSpDEVhnCsddf3EhNkWBlGOJ0WeqmmCSZjPKRdSwWOqQ6y+alTdGKVAYqksiUMmqtfJzIcaz2JQ9sZYzPSP72Z+JfXTU10EWRMJKmhgiwWRSlHRqLZ32jAFCWGTyzBRDF7KyIjrDAxNp2CDeHzU/Q/aZVdv+JWbs5KtctlHHk4gmM4BR/OoQbXUIcmEBjCPTzCk8OdB+fZeVm05pzlzCF8g/P6AUxzjdc=</latexit>

T0

<latexit sha1_base64="YCBFuKcsVMcwsSTPg1xnOnv8qy8=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiB4GmaCRHMLeskxSjZMhtDT6SRNunuG7h4hDPkLLx4U8erfePNv7CyC64OCx3tVVNULY8608bx3J7Oyura+kd3MbW3v7O7l9w+aOkoUoQ0S8Ui1Q6wpZ5I2DDOctmNFsQg5bYXjq5nfuqNKs0jWzSSmgcBDyQaMYGOl23ov7SqBbqrTXr7gueWyVyr66DfxXW+OAixR6+Xfuv2IJIJKQzjWuuN7sQlSrAwjnE5z3UTTGJMxHtKOpRILqoN0fvEUnViljwaRsiUNmqtfJ1IstJ6I0HYKbEb6pzcT//I6iRlcBCmTcWKoJItFg4QjE6HZ+6jPFCWGTyzBRDF7KyIjrDAxNqScDeHzU/Q/aRZdv+SWrs8KlctlHFk4gmM4BR/OoQJVqEEDCEi4h0d4crTz4Dw7L4vWjLOcOYRvcF4/AIVYkNo=</latexit>

TRH

Dark radiation around today!
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<latexit sha1_base64="KVZOdNDhMZbWm8dceW/W4ZbMWg8=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiRFot0V3bis2Be0oUwmk3boZBJmJkIJ/QQ3LhRx6xe582+cPgSfBy4czrmXe+8JUs6Udpx3q7Cyura+UdwsbW3v7O6V9w/aKskkoS2S8ER2A6woZ4K2NNOcdlNJcRxw2gnGVzO/c0elYolo6klK/RgPBYsYwdpIt81BOChXHLtWc7yqi34T13bmqMASjUH5rR8mJIup0IRjpXquk2o/x1Izwum01M8UTTEZ4yHtGSpwTJWfz0+dohOjhChKpCmh0Vz9OpHjWKlJHJjOGOuR+unNxL+8XqajCz9nIs00FWSxKMo40gma/Y1CJinRfGIIJpKZWxEZYYmJNumUTAifn6L/Sbtqu57t3ZxV6pfLOIpwBMdwCi6cQx2uoQEtIDCEe3iEJ4tbD9az9bJoLVjLmUP4Buv1A5tDjgs=</latexit>

Td

<latexit sha1_base64="Z96k2twgZcGEaJ3dbbHPwHbr/Dw=">AAACA3icdVDLSgMxFM34rPU16k43wSLUzTBTpFpwUXRhlxX6gk4pmTTThiaZIckIZSi48VfcuFDErT/hzr8xfQg+D1zu4Zx7Se4JYkaVdt13a2FxaXllNbOWXd/Y3Nq2d3YbKkokJnUcsUi2AqQIo4LUNdWMtGJJEA8YaQbDy4nfvCFS0UjU9CgmHY76goYUI22krr3vXyHOUTf1JYdU6HG+dgzPYcW0rp1znVLJLRY8+Jt4jjtFDsxR7dpvfi/CCSdCY4aUanturDspkppiRsZZP1EkRniI+qRtqECcqE46vWEMj4zSg2EkTQkNp+rXjRRxpUY8MJMc6YH66U3Ev7x2osOzTkpFnGgi8OyhMGFQR3ASCOxRSbBmI0MQltT8FeIBkghrE1vWhPB5KfyfNAqOV3SK1ye58sU8jgw4AIcgDzxwCsqgAqqgDjC4BffgETxZd9aD9Wy9zEYXrPnOHvgG6/UDxP+WVQ==</latexit>

!int(T ) < H(T )

<latexit sha1_base64="lhp/lkNffA9xBrv5dg/2U8DlLWo=">AAACA3icdVDLSgMxFM34rPU16k43wSLUzTBTpNqFUHRhlxX6gk4pmTTThiaZIckIZSi48VfcuFDErT/hzr8xfQg+D1zu4Zx7Se4JYkaVdt13a2FxaXllNbOWXd/Y3Nq2d3YbKkokJnUcsUi2AqQIo4LUNdWMtGJJEA8YaQbDy4nfvCFS0UjU9CgmHY76goYUI22krr3vXyHOUTf1JYdU6HG+dgzPYcW0rp1znVLJLRY8+Jt4jjtFDsxR7dpvfi/CCSdCY4aUanturDspkppiRsZZP1EkRniI+qRtqECcqE46vWEMj4zSg2EkTQkNp+rXjRRxpUY8MJMc6YH66U3Ev7x2osOzTkpFnGgi8OyhMGFQR3ASCOxRSbBmI0MQltT8FeIBkghrE1vWhPB5KfyfNAqOV3SK1ye58sU8jgw4AIcgDzxwCsqgAqqgDjC4BffgETxZd9aD9Wy9zEYXrPnOHvgG6/UDxoiWVg==</latexit>

!int(T ) = H(T )

<latexit sha1_base64="mTkUBrh0w/EOzZ4Zo4HOyHNF1Mg=">AAACA3icdVDLSgMxFM34rPU16k43wSLUzTBTpNqNFF3YZYW+oFNKJs20oUlmSDJCGQpu/BU3LhRx60+4829MH4LPA5d7OOdeknuCmFGlXffdWlhcWl5Zzaxl1zc2t7btnd2GihKJSR1HLJKtACnCqCB1TTUjrVgSxANGmsHwcuI3b4hUNBI1PYpJh6O+oCHFSBupa+/7V4hz1E19ySEVepyvHcNzWDGta+dcp1RyiwUP/iae406RA3NUu/ab34twwonQmCGl2p4b606KpKaYkXHWTxSJER6iPmkbKhAnqpNObxjDI6P0YBhJU0LDqfp1I0VcqREPzCRHeqB+ehPxL6+d6PCsk1IRJ5oIPHsoTBjUEZwEAntUEqzZyBCEJTV/hXiAJMLaxJY1IXxeCv8njYLjFZ3i9UmufDGPIwMOwCHIAw+cgjKogCqoAwxuwT14BE/WnfVgPVsvs9EFa76zB77Bev0AyBGWVw==</latexit>

!int(T ) > H(T )

<latexit sha1_base64="gpSONUE9UgfBR9+hjN5Z9HySUw4=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmaCRHMLevGYgImBZAg9nZqkTc9Cd08gDPkCLx4U8eonefNv7CyC64OCx3tVVNXzE8GVdpx3K7eyura+kd8sbG3v7O4V9w9aKk4lwyaLRSzbPlUoeIRNzbXAdiKRhr7AW390NfNvxygVj6MbPUnQC+kg4gFnVBupMe4VS45drTqVskt+E9d25ijBEvVe8a3bj1kaYqSZoEp1XCfRXkal5kzgtNBNFSaUjegAO4ZGNETlZfNDp+TEKH0SxNJUpMlc/TqR0VCpSeibzpDqofrpzcS/vE6qgwsv41GSaozYYlGQCqJjMvua9LlEpsXEEMokN7cSNqSSMm2yKZgQPj8l/5NW2XYrdqVxVqpdLuPIwxEcwym4cA41uIY6NIEBwj08wpN1Zz1Yz9bLojVnLWcO4Rus1w9cX41W</latexit>v
<latexit sha1_base64="8vLT2xhh3djWFdMyzN9vVJS3LWs=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmaCRHMLevEYMRskQ+jp9CRNerqH7h4hDPkELx4U8eoXefNv7CyC64OCx3tVVNULE8608bx3J7eyura+kd8sbG3v7O4V9w9aWqaK0CaRXKpOiDXlTNCmYYbTTqIojkNO2+H4aua376jSTIqGmSQ0iPFQsIgRbKx02+h7/WLJc6tVr1L20W/iu94cJVii3i++9QaSpDEVhnCsddf3EhNkWBlGOJ0WeqmmCSZjPKRdSwWOqQ6y+alTdGKVAYqksiUMmqtfJzIcaz2JQ9sZYzPSP72Z+JfXTU10EWRMJKmhgiwWRSlHRqLZ32jAFCWGTyzBRDF7KyIjrDAxNp2CDeHzU/Q/aZVdv+JWbs5KtctlHHk4gmM4BR/OoQbXUIcmEBjCPTzCk8OdB+fZeVm05pzlzCF8g/P6AUxzjdc=</latexit>

T0

<latexit sha1_base64="YCBFuKcsVMcwsSTPg1xnOnv8qy8=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiB4GmaCRHMLeskxSjZMhtDT6SRNunuG7h4hDPkLLx4U8erfePNv7CyC64OCx3tVVNULY8608bx3J7Oyura+kd3MbW3v7O7l9w+aOkoUoQ0S8Ui1Q6wpZ5I2DDOctmNFsQg5bYXjq5nfuqNKs0jWzSSmgcBDyQaMYGOl23ov7SqBbqrTXr7gueWyVyr66DfxXW+OAixR6+Xfuv2IJIJKQzjWuuN7sQlSrAwjnE5z3UTTGJMxHtKOpRILqoN0fvEUnViljwaRsiUNmqtfJ1IstJ6I0HYKbEb6pzcT//I6iRlcBCmTcWKoJItFg4QjE6HZ+6jPFCWGTyzBRDF7KyIjrDAxNqScDeHzU/Q/aRZdv+SWrs8KlctlHFk4gmM4BR/OoQJVqEEDCEi4h0d4crTz4Dw7L4vWjLOcOYRvcF4/AIVYkNo=</latexit>

TRH

No dark radiation today*

*DR could freeze-in, but would not thermalize.



Light Relics
• Dark radiation at recombination     

contributes to  
• , enhanced by dark radiation 

• Boson* decoupling above the weak scale:

Neff
NSM

eff = 3.044

18

<latexit sha1_base64="azzBbrsRfi7fd1rHRVjFB+j2cGA="></latexit>

!Ne! =
8

7

(
11

4

)4/3 ωDR

ωCMB

<latexit sha1_base64="ERTZBX+wWfJuxOcQVzb8TYQ6Bp4="></latexit>

Td → v =↑ !Ne! =
4

7

(
10.75

106.75

)4/3

gDR

↓ 0.027gDR

*Weyl (Dirac) fermions would result in a factor 7/4 (7/2) larger .Neff



CMB & Light Relics
• Exciting time to think about the CMB:

19

<latexit sha1_base64="mJuXvYEfEMHXQOOAWalUBYrhZ5E=">AAACCXicdVDJSgNBEO1xjXEb9eilMQQ8DTNBE3MQgnrwJBHMApkYejo1SZOehe4eIQy5evFXvHhQxKt/4M2/sbMIrg8KHu9VUVXPizmTyrbfjbn5hcWl5cxKdnVtfWPT3NquyygRFGo04pFoekQCZyHUFFMcmrEAEngcGt7gdOw3bkBIFoVXahhDOyC9kPmMEqWljondM+CK4ItO6ooAg++PrtPyoZsf4WNsW06pY+Zsq1y2iwUH/yaOZU+QQzNUO+ab241oEkCoKCdSthw7Vu2UCMUoh1HWTSTEhA5ID1qahiQA2U4nn4xwXitd7EdCV6jwRP06kZJAymHg6c6AqL786Y3Fv7xWovyjdsrCOFEQ0ukiP+FYRXgcC+4yAVTxoSaECqZvxbRPBKFKh5fVIXx+iv8n9YLlFK3i5UGucjKLI4N20R7aRw4qoQo6R1VUQxTdonv0iJ6MO+PBeDZepq1zxmxmB32D8foBo8uYZg==</latexit>

!N95%
e! = 0.17

Atacama (complete) Simons (ongoing)
<latexit sha1_base64="YBm0SdBiy2krmUcEz4vEV1pthT8=">AAACCXicdVDJSgNBEO2JW4zbqEcvjSHgaZgJGs1BCOrBk0QwC2Ri6OnUJE16Frp7hDDk6sVf8eJBEa/+gTf/xs4iuD4oeLxXRVU9L+ZMKtt+NzJz8wuLS9nl3Mrq2vqGublVl1EiKNRoxCPR9IgEzkKoKaY4NGMBJPA4NLzB6dhv3ICQLAqv1DCGdkB6IfMZJUpLHRO7Z8AVwRed1BUBBt8fXaflA7cwwsfYtpxix8zbVrlsl4oO/k0cy54gj2aodsw3txvRJIBQUU6kbDl2rNopEYpRDqOcm0iICR2QHrQ0DUkAsp1OPhnhgla62I+ErlDhifp1IiWBlMPA050BUX350xuLf3mtRPlH7ZSFcaIgpNNFfsKxivA4FtxlAqjiQ00IFUzfimmfCEKVDi+nQ/j8FP9P6kXLKVmly/185WQWRxbtoF20hxx0iCroHFVRDVF0i+7RI3oy7owH49l4mbZmjNnMNvoG4/UDnDeYYQ==</latexit>

!N95%
e! = 0.12

CMB-S4 (future)
<latexit sha1_base64="YAX1RBaG9dUxWzLRZZnUj4FYmQg=">AAACCXicdVDJSgNBEO1xjXEb9eilMQQ8DTPBRHMQgnrwJBHMApkYejo1SZOehe4eIQy5evFXvHhQxKt/4M2/sbMIrg8KHu9VUVXPizmTyrbfjbn5hcWl5cxKdnVtfWPT3NquyygRFGo04pFoekQCZyHUFFMcmrEAEngcGt7gdOw3bkBIFoVXahhDOyC9kPmMEqWljondM+CK4ItO6ooAg++PrtNy0c2P8DG2LbvYMXO2VS7bpYKDfxPHsifIoRmqHfPN7UY0CSBUlBMpW44dq3ZKhGKUwyjrJhJiQgekBy1NQxKAbKeTT0Y4r5Uu9iOhK1R4on6dSEkg5TDwdGdAVF/+9MbiX14rUf5RO2VhnCgI6XSRn3CsIjyOBXeZAKr4UBNCBdO3YtonglClw8vqED4/xf+TesFySlbp8iBXOZnFkUG7aA/tIwcdogo6R1VUQxTdonv0iJ6MO+PBeDZepq1zxmxmB32D8foBnz6YYw==</latexit>

!N95%
e! = 0.05



CMB & Light Relics
• Exciting time to think about the CMB:

20

<latexit sha1_base64="mJuXvYEfEMHXQOOAWalUBYrhZ5E=">AAACCXicdVDJSgNBEO1xjXEb9eilMQQ8DTNBE3MQgnrwJBHMApkYejo1SZOehe4eIQy5evFXvHhQxKt/4M2/sbMIrg8KHu9VUVXPizmTyrbfjbn5hcWl5cxKdnVtfWPT3NquyygRFGo04pFoekQCZyHUFFMcmrEAEngcGt7gdOw3bkBIFoVXahhDOyC9kPmMEqWljondM+CK4ItO6ooAg++PrtPyoZsf4WNsW06pY+Zsq1y2iwUH/yaOZU+QQzNUO+ab241oEkCoKCdSthw7Vu2UCMUoh1HWTSTEhA5ID1qahiQA2U4nn4xwXitd7EdCV6jwRP06kZJAymHg6c6AqL786Y3Fv7xWovyjdsrCOFEQ0ukiP+FYRXgcC+4yAVTxoSaECqZvxbRPBKFKh5fVIXx+iv8n9YLlFK3i5UGucjKLI4N20R7aRw4qoQo6R1VUQxTdonv0iJ6MO+PBeDZepq1zxmxmB32D8foBo8uYZg==</latexit>

!N95%
e! = 0.17

Atacama (complete) Simons (ongoing)
<latexit sha1_base64="YBm0SdBiy2krmUcEz4vEV1pthT8=">AAACCXicdVDJSgNBEO2JW4zbqEcvjSHgaZgJGs1BCOrBk0QwC2Ri6OnUJE16Frp7hDDk6sVf8eJBEa/+gTf/xs4iuD4oeLxXRVU9L+ZMKtt+NzJz8wuLS9nl3Mrq2vqGublVl1EiKNRoxCPR9IgEzkKoKaY4NGMBJPA4NLzB6dhv3ICQLAqv1DCGdkB6IfMZJUpLHRO7Z8AVwRed1BUBBt8fXaflA7cwwsfYtpxix8zbVrlsl4oO/k0cy54gj2aodsw3txvRJIBQUU6kbDl2rNopEYpRDqOcm0iICR2QHrQ0DUkAsp1OPhnhgla62I+ErlDhifp1IiWBlMPA050BUX350xuLf3mtRPlH7ZSFcaIgpNNFfsKxivA4FtxlAqjiQ00IFUzfimmfCEKVDi+nQ/j8FP9P6kXLKVmly/185WQWRxbtoF20hxx0iCroHFVRDVF0i+7RI3oy7owH49l4mbZmjNnMNvoG4/UDnDeYYQ==</latexit>

!N95%
e! = 0.12

CMB-S4 (future)
<latexit sha1_base64="YAX1RBaG9dUxWzLRZZnUj4FYmQg=">AAACCXicdVDJSgNBEO1xjXEb9eilMQQ8DTPBRHMQgnrwJBHMApkYejo1SZOehe4eIQy5evFXvHhQxKt/4M2/sbMIrg8KHu9VUVXPizmTyrbfjbn5hcWl5cxKdnVtfWPT3NquyygRFGo04pFoekQCZyHUFFMcmrEAEngcGt7gdOw3bkBIFoVXahhDOyC9kPmMEqWljondM+CK4ItO6ooAg++PrtNy0c2P8DG2LbvYMXO2VS7bpYKDfxPHsifIoRmqHfPN7UY0CSBUlBMpW44dq3ZKhGKUwyjrJhJiQgekBy1NQxKAbKeTT0Y4r5Uu9iOhK1R4on6dSEkg5TDwdGdAVF/+9MbiX14rUf5RO2VhnCgI6XSRn3CsIjyOBXeZAKr4UBNCBdO3YtonglClw8vqED4/xf+TesFySlbp8iBXOZnFkUG7aA/tIwcdogo6R1VUQxTdonv0iJ6MO+PBeDZepq1zxmxmB32D8foBnz6YYw==</latexit>

!N95%
e! = 0.05

<latexit sha1_base64="oRJyam9tOKBV0Xu4WcBbuAww5So=">AAAB+nicdVDLSsNAFJ3UV62vVJduBovgKiRFot0VdeGyin1AE8JkOmmHziRxZqKU2E9x40IRt36JO//G6UPweeDC4Zx7ufeeMGVUKtt+NwoLi0vLK8XV0tr6xuaWWd5uySQTmDRxwhLRCZEkjMakqahipJMKgnjISDscnk789g0RkibxlRqlxOeoH9OIYqS0FJjlfpB7gsOzyzH0GLmGbmBWbKtWs92qA38Tx7KnqIA5GoH55vUSnHESK8yQlF3HTpWfI6EoZmRc8jJJUoSHqE+6msaIE+nn09PHcF8rPRglQles4FT9OpEjLuWIh7qTIzWQP72J+JfXzVR07Oc0TjNFYjxbFGUMqgROcoA9KghWbKQJwoLqWyEeIIGw0mmVdAifn8L/SatqOa7lXhxW6ifzOIpgF+yBA+CAI1AH56ABmgCDW3APHsGTcWc8GM/Gy6y1YMxndsA3GK8fXlWTdA==</latexit>

gDR → 6
<latexit sha1_base64="Ip9EXwosKpinJrAU4WeI7tW9N7Y=">AAAB+nicdVDLSgMxFM34rPU11aWbYBFcDTOlVLsr6sJlFfuAdhgyaaYNTTJjklHK2E9x40IRt36JO//G9CH4PHDhcM693HtPmDCqtOu+WwuLS8srq7m1/PrG5ta2XdhpqjiVmDRwzGLZDpEijArS0FQz0k4kQTxkpBUOTyd+64ZIRWNxpUcJ8TnqCxpRjLSRArvQD7Ku5PDscgy7jFzDcmAXXadadSslD/4mnuNOUQRz1AP7rduLccqJ0JghpTqem2g/Q1JTzMg4300VSRAeoj7pGCoQJ8rPpqeP4YFRejCKpSmh4VT9OpEhrtSIh6aTIz1QP72J+JfXSXV07GdUJKkmAs8WRSmDOoaTHGCPSoI1GxmCsKTmVogHSCKsTVp5E8Lnp/B/0iw5XsWpXJSLtZN5HDmwB/bBIfDAEaiBc1AHDYDBLbgHj+DJurMerGfrZda6YM1ndsE3WK8fW02Tcg==</latexit>

gDR → 4
<latexit sha1_base64="gEKg4NEiBwyi1Wi7AirwbX/XB/Q=">AAAB+nicdVDLSgMxFM3UV62vqS7dBIvgapgpUu2uqAuXVewD2mHIpJk2NMmMSUYpYz/FjQtF3Pol7vwb04fg88CFwzn3cu89YcKo0q77buUWFpeWV/KrhbX1jc0tu7jdVHEqMWngmMWyHSJFGBWkoalmpJ1IgnjISCscnk781g2RisbiSo8S4nPUFzSiGGkjBXaxH2RdyeHZ5Rh2GbmG5cAuuU616lbKHvxNPMedogTmqAf2W7cX45QToTFDSnU8N9F+hqSmmJFxoZsqkiA8RH3SMVQgTpSfTU8fw32j9GAUS1NCw6n6dSJDXKkRD00nR3qgfnoT8S+vk+ro2M+oSFJNBJ4tilIGdQwnOcAelQRrNjIEYUnNrRAPkERYm7QKJoTPT+H/pFl2vIpTuTgs1U7mceTBLtgDB8ADR6AGzkEdNAAGt+AePIIn6856sJ6tl1lrzprP7IBvsF4/AFhFk3A=</latexit>

gDR → 2



Light Relics
•  from the QCD axion*: 

• If               ,

Neff

Axions: Theory, Cosmology, and  
Experimental Searches (2007)

<latexit sha1_base64="Zza/ZjKPGUIHSWYjygLXMj2EcEc="></latexit>

! ↭ H =→ ω
3
s
T

3

f2
a

↭ T
2

MP
<latexit sha1_base64="YPAp/Tths7QTXPG2E12BNCc6ihk="></latexit>

=→ Td ↑ 1012 GeV

(
fa

1012 GeV

)2

<latexit sha1_base64="enlXWCVZ14ThwoduAsZJLqePjs0=">AAAB+XicdVDLSsNAFJ34rPUVdelmsAiuQlKk2o0U3XRZpS9oQ5hMJu3QmUmYmRRK6J+4caGIW//EnX/j9CH4PHDhcM693HtPmDKqtOu+Wyura+sbm4Wt4vbO7t6+fXDYVkkmMWnhhCWyGyJFGBWkpalmpJtKgnjISCcc3cz8zphIRRPR1JOU+BwNBI0pRtpIgW03g7wvObyrT+EVbAZRYJdcp1p1K2UP/iae485RAks0AvutHyU440RozJBSPc9NtZ8jqSlmZFrsZ4qkCI/QgPQMFYgT5efzy6fw1CgRjBNpSmg4V79O5IgrNeGh6eRID9VPbyb+5fUyHV/6ORVpponAi0VxxqBO4CwGGFFJsGYTQxCW1NwK8RBJhLUJq2hC+PwU/k/aZcerOJXb81LtehlHARyDE3AGPHABaqAOGqAFMBiDe/AInqzcerCerZdF64q1nDkC32C9fgBZ3ZLc</latexit>

TRH > Td

<latexit sha1_base64="Y4/fWGyaD8S7GaB1hANtUkOGGmU=">AAACCXicdVDJSgNBEO2JW4zbqEcvjUHwNMwEScwtqAdPEsEskBlCT6cmadKz0N0jhiFXL/6KFw+KePUPvPk3dhbB9UHB470qqur5CWdS2fa7kVtYXFpeya8W1tY3NrfM7Z2mjFNBoUFjHou2TyRwFkFDMcWhnQggoc+h5Q9PJ37rGoRkcXSlRgl4IelHLGCUKC11TeyeAVcEX3QzV4QYgmCMXZIkIr7BtmWXKl2zaFvVql0uOfg3cSx7iiKao94139xeTNMQIkU5kbLj2InyMiIUoxzGBTeVkBA6JH3oaBqREKSXTT8Z4wOt9HAQC12RwlP160RGQilHoa87Q6IG8qc3Ef/yOqkKjr2MRUmqIKKzRUHKsYrxJBbcYwKo4iNNCBVM34rpgAhClQ6voEP4/BT/T5olyylb5cujYu1kHkce7aF9dIgcVEE1dI7qqIEoukX36BE9GXfGg/FsvMxac8Z8Zhd9g/H6AaHSmQs=</latexit>

!Ne! → 0.027

*In KSVZ UV completions, the decoupling temperature could be much lower.
21



The Axiverse
• String theory  axions arise from 0-modes of gauge fields 
• Log-uniform masses and similar decay constants

→ 𝒪(100s)

22



The Axiverse
• String theory  axions arise from 0-modes of gauge fields 
• Log-uniform masses and similar decay constants

→ 𝒪(100s)

?<latexit sha1_base64="CGb957zRGLIOdjbUrpZHNIaMD6A=">AAACFnicdVDJSgNBFOxxjXEb9eilMQgedJgJkpiDEJeDJ4lgFkhC6Om8SZr0LHT3SMKQr/Dir3jxoIhX8ebf2FkE14KGouoVr1+5EWdS2fa7MTM7N7+wmFpKL6+srq2bG5sVGcaCQpmGPBQ1l0jgLICyYopDLRJAfJdD1e2djfzqDQjJwuBaDSJo+qQTMI9RorTUMg8a58AVwZetpCF8DJ63f9JnowQM8TG2LTubn3qkP2yZGdsqFOxc1sG/iWPZY2TQFKWW+dZohzT2IVCUEynrjh2pZkKEYpTDMN2IJUSE9kgH6poGxAfZTMZnDfGuVtrYC4V+gcJj9WsiIb6UA9/Vkz5RXfnTG4l/efVYeUfNhAVRrCCgk0VezLEK8agj3GYCqOIDTQgVTP8V0y4RhCrdS1qX8Hkp/p9UspaTs3JXh5ni6bSOFNpGO2gPOSiPiugClVAZUXSL7tEjejLujAfj2XiZjM4Y08wW+gbj9QMbE54g</latexit>

!Ne!,Axiverse = 0.027Nax

23



The Axiverse
• String theory  axions arise from 0-modes of gauge fields 
• Log-uniform masses and similar decay constants 
• Toy  example

→ 𝒪(100s)

Na = 2

ϕ1

ϕ2

aγ

a⊥

24

<latexit sha1_base64="fx9/vO/eheX4DlvV0gg7odiT7dA="></latexit>

L = →1

2
ωµεiω

µεi → giεiFF̃

= →1

2
ωµaiω

µai → gaωωaωFF̃



The Axiverse
• String theory  axions arise from 0-modes of gauge fields 
• Log-uniform masses and similar decay constants 
• Toy  example 

•  = 0.027 per  

• Recall ACT constrains           

→ 𝒪(100s)

Na = 2

ΔNeff
ϕ1

ϕ2

aγ

a⊥

<latexit sha1_base64="5PPUyzOydwRdiwmWJBylcWhtHFs=">AAACGnicdVDLSsNAFJ34rPUVdelmsAiuQlKk2l3RjQvFivYBTQiT6bQdOpmEmYlQQr7Djb/ixoUi7sSNf+OkreLzwAyHc+7l3nuCmFGpbPvNmJmdm19YLCwVl1dW19bNjc2mjBKBSQNHLBLtAEnCKCcNRRUj7VgQFAaMtILhce63romQNOJXahQTL0R9TnsUI6Ul33SwT914QPUfIjXAiKXnmZ+6IoSXZxl0ZRJIouCneZr5Zsm2qlW7Unbgb+JY9hglMEXdN1/cboSTkHCFGZKy49ix8lIkFMWMZEU3kSRGeIj6pKMpRyGRXjo+LYO7WunCXiT04wqO1a8dKQqlHIWBrsxXlD+9XPzL6ySqd+illMeJIhxPBvUSBlUE85xglwqCFRtpgrCgeleIB0ggrHSaRR3Cx6Xwf9IsW07Fqlzsl2pH0zgKYBvsgD3ggANQAyegDhoAgxtwBx7Ao3Fr3BtPxvOkdMaY9myBbzBe3wHCh6H8</latexit>

ciωiOSM → L

25

<latexit sha1_base64="fx9/vO/eheX4DlvV0gg7odiT7dA="></latexit>

L = →1

2
ωµεiω

µεi → giεiFF̃

= →1

2
ωµaiω

µai → gaωωaωFF̃

<latexit sha1_base64="oRJyam9tOKBV0Xu4WcBbuAww5So=">AAAB+nicdVDLSsNAFJ3UV62vVJduBovgKiRFot0VdeGyin1AE8JkOmmHziRxZqKU2E9x40IRt36JO//G6UPweeDC4Zx7ufeeMGVUKtt+NwoLi0vLK8XV0tr6xuaWWd5uySQTmDRxwhLRCZEkjMakqahipJMKgnjISDscnk789g0RkibxlRqlxOeoH9OIYqS0FJjlfpB7gsOzyzH0GLmGbmBWbKtWs92qA38Tx7KnqIA5GoH55vUSnHESK8yQlF3HTpWfI6EoZmRc8jJJUoSHqE+6msaIE+nn09PHcF8rPRglQles4FT9OpEjLuWIh7qTIzWQP72J+JfXzVR07Oc0TjNFYjxbFGUMqgROcoA9KghWbKQJwoLqWyEeIIGw0mmVdAifn8L/SatqOa7lXhxW6ifzOIpgF+yBA+CAI1AH56ABmgCDW3APHsGTcWc8GM/Gy6y1YMxndsA3GK8fXlWTdA==</latexit>

gDR → 6



Axiverse EFT at dim-5
• Axion EFT at dimension 5 > weak scale:  axions     + SM (Bauer+ 2021)Na

<latexit sha1_base64="6z5RoXgf/eynRICr/mUU3azHVnQ=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiB4GmaCJOYW9OIxglkgGUJPpydp09M9dPcIYcg/ePGgiFf/x5t/Y2cRXB8UPN6roqpemHCmjee9O7mV1bX1jfxmYWt7Z3evuH/Q0jJVhDaJ5FJ1QqwpZ4I2DTOcdhJFcRxy2g7HlzO/fUeVZlLcmElCgxgPBYsYwcZKrV4yYn3WL5Y8t1bzKmUf/Sa+681RgiUa/eJbbyBJGlNhCMdad30vMUGGlWGE02mhl2qaYDLGQ9q1VOCY6iCbXztFJ1YZoEgqW8Kgufp1IsOx1pM4tJ0xNiP905uJf3nd1ETnQcZEkhoqyGJRlHJkJJq9jgZMUWL4xBJMFLO3IjLCChNjAyrYED4/Rf+TVtn1K27l+qxUv1jGkYcjOIZT8KEKdbiCBjSBwC3cwyM8OdJ5cJ6dl0VrzlnOHMI3OK8fCVSPdw==</latexit>

ωi

26

<latexit sha1_base64="22NIB9kAzCH3Zq0A8uP2pQBtUoI="></latexit>

L5 =
∑

G

c
G

i
ωG

4ε

ϑi

fa
GG̃+

∑

!

ϖµϑi

fa
!ϱ

µ
c
!
i
!+ c

H

i

ϖµϑi

fa
(H†

DµH + h.c.)



Axiverse EFT at dim-5
• Axion EFT at dimension 5 > weak scale:  axions     + SM (Bauer+ 2021)Na

<latexit sha1_base64="6z5RoXgf/eynRICr/mUU3azHVnQ=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiB4GmaCJOYW9OIxglkgGUJPpydp09M9dPcIYcg/ePGgiFf/x5t/Y2cRXB8UPN6roqpemHCmjee9O7mV1bX1jfxmYWt7Z3evuH/Q0jJVhDaJ5FJ1QqwpZ4I2DTOcdhJFcRxy2g7HlzO/fUeVZlLcmElCgxgPBYsYwcZKrV4yYn3WL5Y8t1bzKmUf/Sa+681RgiUa/eJbbyBJGlNhCMdad30vMUGGlWGE02mhl2qaYDLGQ9q1VOCY6iCbXztFJ1YZoEgqW8Kgufp1IsOx1pM4tJ0xNiP905uJf3nd1ETnQcZEkhoqyGJRlHJkJJq9jgZMUWL4xBJMFLO3IjLCChNjAyrYED4/Rf+TVtn1K27l+qxUv1jGkYcjOIZT8KEKdbiCBjSBwC3cwyM8OdJ5cJ6dl0VrzlnOHMI3OK8fCVSPdw==</latexit>

ωi

27

<latexit sha1_base64="22NIB9kAzCH3Zq0A8uP2pQBtUoI="></latexit>

L5 =
∑

G

c
G

i
ωG

4ε

ϑi

fa
GG̃+

∑

!

ϖµϑi

fa
!ϱ

µ
c
!
i
!+ c

H

i

ϖµϑi

fa
(H†

DµH + h.c.)

<latexit sha1_base64="KxQD7sDCjDX4G6j1rNBtMUAS/TE="></latexit>

(
!→

1 !→
2 !→

3

)
ω0ωµ




c11 c12 c13
c→12 c22 c23
c→13 c→23 c33




!

i




!1

!2

!3







Axiverse EFT at dim-5
• Axion EFT at dimension 5 > weak scale:  axions     + SM (Bauer+ 2021) 

• Use Gram-Schmidt orthogonalization procedure for “flavor” basis

Na
<latexit sha1_base64="6z5RoXgf/eynRICr/mUU3azHVnQ=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiB4GmaCJOYW9OIxglkgGUJPpydp09M9dPcIYcg/ePGgiFf/x5t/Y2cRXB8UPN6roqpemHCmjee9O7mV1bX1jfxmYWt7Z3evuH/Q0jJVhDaJ5FJ1QqwpZ4I2DTOcdhJFcRxy2g7HlzO/fUeVZlLcmElCgxgPBYsYwcZKrV4yYn3WL5Y8t1bzKmUf/Sa+681RgiUa/eJbbyBJGlNhCMdad30vMUGGlWGE02mhl2qaYDLGQ9q1VOCY6iCbXztFJ1YZoEgqW8Kgufp1IsOx1pM4tJ0xNiP905uJf3nd1ETnQcZEkhoqyGJRlHJkJJq9jgZMUWL4xBJMFLO3IjLCChNjAyrYED4/Rf+TVtn1K27l+qxUv1jGkYcjOIZT8KEKdbiCBjSBwC3cwyM8OdJ5cJ6dl0VrzlnOHMI3OK8fCVSPdw==</latexit>

ωi

28

<latexit sha1_base64="22NIB9kAzCH3Zq0A8uP2pQBtUoI="></latexit>

L5 =
∑

G

c
G

i
ωG

4ε

ϑi

fa
GG̃+

∑

!

ϖµϑi

fa
!ϱ

µ
c
!
i
!+ c

H

i

ϖµϑi

fa
(H†

DµH + h.c.)

<latexit sha1_base64="xlJ4WcEXN2OzdOB/SoEHQcjGn3k="></latexit>

L5 =
csωs

4ε

aQCD

fa
GG̃+ [couplings to all other operators]

+
c2ω2

4ε

a2
fa

WW̃ + [couplings to all other operators except QCD]

+ . . .

+ [N →NSM sterile axions]



• “Orthogonal axiverse” assumption:

Axiverse EFT at dim-5

29

<latexit sha1_base64="LYMqhzwaM/bXeIRdrQ63wrArhx4="></latexit>

L5 =
∑

G

cGωG

4εfa
aGGG̃+

∑

!

ϑµa!

fa
!ϖ

µ
c!!+

cH

fa
ϑµaH(H†

DµH + h.c.)



• “Orthogonal axiverse” assumption:

<latexit sha1_base64="ZZJlg/M/1HNqxUx/Irl4jPhynX4=">AAAB9HicdVDLSgNBEOyNrxhfUY9eBoPgadkNEs1BCHrxJBGMCSRrmJ1MkiEzs+vMbCAs+Q4vHhTx6sd482+cPASfBQ1FVTfdXWHMmTae9+5kFhaXlleyq7m19Y3Nrfz2zo2OEkVojUQ8Uo0Qa8qZpDXDDKeNWFEsQk7r4eB84teHVGkWyWszimkgcE+yLiPYWCm4bOPbtKUEMv3xaTtf8Nxy2SsVffSb+K43RQHmqLbzb61ORBJBpSEca930vdgEKVaGEU7HuVaiaYzJAPdo01KJBdVBOj16jA6s0kHdSNmSBk3VrxMpFlqPRGg7BTZ9/dObiH95zcR0T4KUyTgxVJLZom7CkYnQJAHUYYoSw0eWYKKYvRWRPlaYGJtTzobw+Sn6n9wUXb/klq6OCpWzeRxZ2IN9OAQfjqECF1CFGhC4g3t4hCdn6Dw4z87LrDXjzGd24Ruc1w/ZupIw</latexit>

N th
a =

Axiverse EFT at dim-5

<latexit sha1_base64="4MebABQcQWPuu/gez3g1VMeSY78=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0yUaG5BLx4TMAskQ+jp1CRteha6e4Qw5Au8eFDEq5/kzb+xswiuDwoe71VRVc9PBFfacd6tpeWV1bX13EZ+c2t7Z7ewt99UcSoZNlgsYtn2qULBI2xorgW2E4k09AW2/NHV1G/doVQ8jm70OEEvpIOIB5xRbaT6aa9QdOxKxSmXXPKbuLYzQxEWqPUKb91+zNIQI80EVarjOon2Mio1ZwIn+W6qMKFsRAfYMTSiISovmx06IcdG6ZMglqYiTWbq14mMhkqNQ990hlQP1U9vKv7ldVIdXHgZj5JUY8Tmi4JUEB2T6dekzyUyLcaGUCa5uZWwIZWUaZNN3oTw+Sn5nzRLtlu2y/WzYvVyEUcODuEITsCFc6jCNdSgAQwQ7uERnqxb68F6tl7mrUvWYuYAvsF6/QD2xI0T</latexit>

3
<latexit sha1_base64="+KkTXiG+8wWnerscciU+fvZs7jk=">AAAB8HicdVDJSgNBEK2JW4xb1KOXxiB4GmaCRnMLevEYwSySDKGn05M06e4ZunuEMOQrvHhQxKuf482/sbMIrg8KHu9VUVUvTDjTxvPendzS8srqWn69sLG5tb1T3N1r6jhVhDZIzGPVDrGmnEnaMMxw2k4UxSLktBWOLqd+644qzWJ5Y8YJDQQeSBYxgo2VbqtdwwTV6LRXLHlutepVyj76TXzXm6EEC9R7xbduPyapoNIQjrXu+F5iggwrwwink0I31TTBZIQHtGOpxHZNkM0OnqAjq/RRFCtb0qCZ+nUiw0LrsQhtp8BmqH96U/Evr5Oa6DzImExSQyWZL4pSjkyMpt+jPlOUGD62BBPF7K2IDLHCxNiMCjaEz0/R/6RZdv2KW7k+KdUuFnHk4QAO4Rh8OIMaXEEdGkBAwD08wpOjnAfn2XmZt+acxcw+fIPz+gF8VJA8</latexit>

9→ 5
<latexit sha1_base64="Gt6juK6SJerTfljJeffKL5bQj40=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmaCRHMLevGYgFkgGUJPpyZp07PQ3SOEIV/gxYMiXv0kb/6NnUVwfVDweK+Kqnp+IrjSjvNu5VZW19Y38puFre2d3b3i/kFLxalk2GSxiGXHpwoFj7CpuRbYSSTS0BfY9sdXM799h1LxOLrRkwS9kA4jHnBGtZEabr9Ycuxq1amUXfKbuLYzRwmWqPeLb71BzNIQI80EVarrOon2Mio1ZwKnhV6qMKFsTIfYNTSiISovmx86JSdGGZAglqYiTebq14mMhkpNQt90hlSP1E9vJv7ldVMdXHgZj5JUY8QWi4JUEB2T2ddkwCUyLSaGUCa5uZWwEZWUaZNNwYTw+Sn5n7TKtluxK42zUu1yGUcejuAYTsGFc6jBNdShCQwQ7uERnqxb68F6tl4WrTlrOXMI32C9fgDzvI0R</latexit>

1
<latexit sha1_base64="hNhyQX1AL8W+TKbSqugDkV9du5M=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgadkNIZqDEPTiMaIxgWQJs5PZZMjM7DIzK4Qln+DFgyJe/SJv/o2Th+CzoKGo6qa7K0w408bz3p3c0vLK6lp+vbCxubW9U9zdu9VxqghtkpjHqh1iTTmTtGmY4bSdKIpFyGkrHF1M/dYdVZrF8saMExoIPJAsYgQbK12fVWq9YslzazWvWvbRb+K73gwlWKDRK751+zFJBZWGcKx1x/cSE2RYGUY4nRS6qaYJJiM8oB1LJRZUB9ns1Ak6skofRbGyJQ2aqV8nMiy0HovQdgpshvqnNxX/8jqpiU6DjMkkNVSS+aIo5cjEaPo36jNFieFjSzBRzN6KyBArTIxNp2BD+PwU/U9uy65fdatXlVL9fBFHHg7gEI7BhxOowyU0oAkEBnAPj/DkcOfBeXZe5q05ZzGzD9/gvH4A9aeNng==</latexit>

= 49<latexit sha1_base64="Dh5QdIXhZzJzq6/ZrVdA8wqgSnY=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiAIwjAjEs0t6MVjAmaBZAg9nZqkTc9Cd48QhnyBFw+KePWTvPk3dhbB9UHB470qqur5ieBKO867lVtaXlldy68XNja3tneKu3tNFaeSYYPFIpZtnyoUPMKG5lpgO5FIQ19gyx9dTf3WHUrF4+hGjxP0QjqIeMAZ1Uaqn/SKJceuVJzyqUt+E9d2ZijBArVe8a3bj1kaYqSZoEp1XCfRXkal5kzgpNBNFSaUjegAO4ZGNETlZbNDJ+TIKH0SxNJUpMlM/TqR0VCpceibzpDqofrpTcW/vE6qgwsv41GSaozYfFGQCqJjMv2a9LlEpsXYEMokN7cSNqSSMm2yKZgQPj8l/5Pmqe2W7XL9rFS9XMSRhwM4hGNw4RyqcA01aAADhHt4hCfr1nqwnq2XeWvOWszswzdYrx/qpI0L</latexit>

+
<latexit sha1_base64="Dh5QdIXhZzJzq6/ZrVdA8wqgSnY=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiAIwjAjEs0t6MVjAmaBZAg9nZqkTc9Cd48QhnyBFw+KePWTvPk3dhbB9UHB470qqur5ieBKO867lVtaXlldy68XNja3tneKu3tNFaeSYYPFIpZtnyoUPMKG5lpgO5FIQ19gyx9dTf3WHUrF4+hGjxP0QjqIeMAZ1Uaqn/SKJceuVJzyqUt+E9d2ZijBArVe8a3bj1kaYqSZoEp1XCfRXkal5kzgpNBNFSaUjegAO4ZGNETlZbNDJ+TIKH0SxNJUpMlM/TqR0VCpceibzpDqofrpTcW/vE6qgwsv41GSaozYfFGQCqJjMv2a9LlEpsXYEMokN7cSNqSSMm2yKZgQPj8l/5Pmqe2W7XL9rFS9XMSRhwM4hGNw4RyqcA01aAADhHt4hCfr1nqwnq2XeWvOWszswzdYrx/qpI0L</latexit>

+
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<latexit sha1_base64="LYMqhzwaM/bXeIRdrQ63wrArhx4="></latexit>
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• “Orthogonal axiverse” assumption: 

• But there are redundant operators:

<latexit sha1_base64="ZZJlg/M/1HNqxUx/Irl4jPhynX4=">AAAB9HicdVDLSgNBEOyNrxhfUY9eBoPgadkNEs1BCHrxJBGMCSRrmJ1MkiEzs+vMbCAs+Q4vHhTx6sd482+cPASfBQ1FVTfdXWHMmTae9+5kFhaXlleyq7m19Y3Nrfz2zo2OEkVojUQ8Uo0Qa8qZpDXDDKeNWFEsQk7r4eB84teHVGkWyWszimkgcE+yLiPYWCm4bOPbtKUEMv3xaTtf8Nxy2SsVffSb+K43RQHmqLbzb61ORBJBpSEca930vdgEKVaGEU7HuVaiaYzJAPdo01KJBdVBOj16jA6s0kHdSNmSBk3VrxMpFlqPRGg7BTZ9/dObiH95zcR0T4KUyTgxVJLZom7CkYnQJAHUYYoSw0eWYKKYvRWRPlaYGJtTzobw+Sn6n9wUXb/klq6OCpWzeRxZ2IN9OAQfjqECF1CFGhC4g3t4hCdn6Dw4z87LrDXjzGd24Ruc1w/ZupIw</latexit>

N th
a =

Axiverse EFT at dim-5

<latexit sha1_base64="4MebABQcQWPuu/gez3g1VMeSY78=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0yUaG5BLx4TMAskQ+jp1CRteha6e4Qw5Au8eFDEq5/kzb+xswiuDwoe71VRVc9PBFfacd6tpeWV1bX13EZ+c2t7Z7ewt99UcSoZNlgsYtn2qULBI2xorgW2E4k09AW2/NHV1G/doVQ8jm70OEEvpIOIB5xRbaT6aa9QdOxKxSmXXPKbuLYzQxEWqPUKb91+zNIQI80EVarjOon2Mio1ZwIn+W6qMKFsRAfYMTSiISovmx06IcdG6ZMglqYiTWbq14mMhkqNQ990hlQP1U9vKv7ldVIdXHgZj5JUY8Tmi4JUEB2T6dekzyUyLcaGUCa5uZWwIZWUaZNN3oTw+Sn5nzRLtlu2y/WzYvVyEUcODuEITsCFc6jCNdSgAQwQ7uERnqxb68F6tl7mrUvWYuYAvsF6/QD2xI0T</latexit>

3
<latexit sha1_base64="+KkTXiG+8wWnerscciU+fvZs7jk=">AAAB8HicdVDJSgNBEK2JW4xb1KOXxiB4GmaCRnMLevEYwSySDKGn05M06e4ZunuEMOQrvHhQxKuf482/sbMIrg8KHu9VUVUvTDjTxvPendzS8srqWn69sLG5tb1T3N1r6jhVhDZIzGPVDrGmnEnaMMxw2k4UxSLktBWOLqd+644qzWJ5Y8YJDQQeSBYxgo2VbqtdwwTV6LRXLHlutepVyj76TXzXm6EEC9R7xbduPyapoNIQjrXu+F5iggwrwwink0I31TTBZIQHtGOpxHZNkM0OnqAjq/RRFCtb0qCZ+nUiw0LrsQhtp8BmqH96U/Evr5Oa6DzImExSQyWZL4pSjkyMpt+jPlOUGD62BBPF7K2IDLHCxNiMCjaEz0/R/6RZdv2KW7k+KdUuFnHk4QAO4Rh8OIMaXEEdGkBAwD08wpOjnAfn2XmZt+acxcw+fIPz+gF8VJA8</latexit>

9→ 5
<latexit sha1_base64="Gt6juK6SJerTfljJeffKL5bQj40=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmaCRHMLevGYgFkgGUJPpyZp07PQ3SOEIV/gxYMiXv0kb/6NnUVwfVDweK+Kqnp+IrjSjvNu5VZW19Y38puFre2d3b3i/kFLxalk2GSxiGXHpwoFj7CpuRbYSSTS0BfY9sdXM799h1LxOLrRkwS9kA4jHnBGtZEabr9Ycuxq1amUXfKbuLYzRwmWqPeLb71BzNIQI80EVarrOon2Mio1ZwKnhV6qMKFsTIfYNTSiISovmx86JSdGGZAglqYiTebq14mMhkpNQt90hlSP1E9vJv7ldVMdXHgZj5JUY8QWi4JUEB2T2ddkwCUyLSaGUCa5uZWwEZWUaZNNwYTw+Sn5n7TKtluxK42zUu1yGUcejuAYTsGFc6jBNdShCQwQ7uERnqxb68F6tl4WrTlrOXMI32C9fgDzvI0R</latexit>

1
<latexit sha1_base64="hNhyQX1AL8W+TKbSqugDkV9du5M=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgadkNIZqDEPTiMaIxgWQJs5PZZMjM7DIzK4Qln+DFgyJe/SJv/o2Th+CzoKGo6qa7K0w408bz3p3c0vLK6lp+vbCxubW9U9zdu9VxqghtkpjHqh1iTTmTtGmY4bSdKIpFyGkrHF1M/dYdVZrF8saMExoIPJAsYgQbK12fVWq9YslzazWvWvbRb+K73gwlWKDRK751+zFJBZWGcKx1x/cSE2RYGUY4nRS6qaYJJiM8oB1LJRZUB9ns1Ak6skofRbGyJQ2aqV8nMiy0HovQdgpshvqnNxX/8jqpiU6DjMkkNVSS+aIo5cjEaPo36jNFieFjSzBRzN6KyBArTIxNp2BD+PwU/U9uy65fdatXlVL9fBFHHg7gEI7BhxOowyU0oAkEBnAPj/DkcOfBeXZe5q05ZzGzD9/gvH4A9aeNng==</latexit>

= 49<latexit sha1_base64="Dh5QdIXhZzJzq6/ZrVdA8wqgSnY=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiAIwjAjEs0t6MVjAmaBZAg9nZqkTc9Cd48QhnyBFw+KePWTvPk3dhbB9UHB470qqur5ieBKO867lVtaXlldy68XNja3tneKu3tNFaeSYYPFIpZtnyoUPMKG5lpgO5FIQ19gyx9dTf3WHUrF4+hGjxP0QjqIeMAZ1Uaqn/SKJceuVJzyqUt+E9d2ZijBArVe8a3bj1kaYqSZoEp1XCfRXkal5kzgpNBNFSaUjegAO4ZGNETlZbNDJ+TIKH0SxNJUpMlM/TqR0VCpceibzpDqofrpTcW/vE6qgwsv41GSaozYfFGQCqJjMv2a9LlEpsXYEMokN7cSNqSSMm2yKZgQPj8l/5Pmqe2W7XL9rFS9XMSRhwM4hGNw4RyqcA01aAADhHt4hCfr1nqwnq2XeWvOWszswzdYrx/qpI0L</latexit>

+
<latexit sha1_base64="Dh5QdIXhZzJzq6/ZrVdA8wqgSnY=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiAIwjAjEs0t6MVjAmaBZAg9nZqkTc9Cd48QhnyBFw+KePWTvPk3dhbB9UHB470qqur5ieBKO867lVtaXlldy68XNja3tneKu3tNFaeSYYPFIpZtnyoUPMKG5lpgO5FIQ19gyx9dTf3WHUrF4+hGjxP0QjqIeMAZ1Uaqn/SKJceuVJzyqUt+E9d2ZijBArVe8a3bj1kaYqSZoEp1XCfRXkal5kzgpNBNFSaUjegAO4ZGNETlZbNDJ+TIKH0SxNJUpMlM/TqR0VCpceibzpDqofrpTcW/vE6qgwsv41GSaozYfFGQCqJjMv2a9LlEpsXYEMokN7cSNqSSMm2yKZgQPj8l/5Pmqe2W7XL9rFS9XMSRhwM4hGNw4RyqcA01aAADhHt4hCfr1nqwnq2XeWvOWszswzdYrx/qpI0L</latexit>

+
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<latexit sha1_base64="tbaAj4jtZUOJwkQs/bYGc75nPIc="></latexit>

! → exp

(
ic

a

fa
Q!

)
!, H → exp

(
ic

a

fa
QH

)
H

<latexit sha1_base64="LYMqhzwaM/bXeIRdrQ63wrArhx4="></latexit>
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• “Orthogonal axiverse” assumption: 

• But there are redundant operators: 

• Field redef  sets  
• Axion couplings only defined modulo generators of    and

<latexit sha1_base64="Zx6wjXwmyUR6KC7KVoyrc+pjvLc=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GmaKVLsrunFZwb5oh5JJM21oXiQZoQz9CjcuFHHr57jzb0wfgs8DgcM595J7TqwYNTYI3r3cyura+kZ+s7C1vbO7V9w/aBqZakwaWDKp2zEyhFFBGpZaRtpKE8RjRlrx+Grmt+6INlSKWztRJOJoKGhCMbJO6vSUlspK2OkXS4FfrQaVcgh/k9AP5iiBJer94ltvIHHKibCYIWO6YaBslCFtKWZkWuilhiiEx2hIuo4KxImJsvnBU3jilAFMpHZPWDhXv25kiBsz4bGb5MiOzE9vJv7ldVObXEQZFSq1RODFR0nKoIs4Sw8HVBNs2cQRhDV1t0I8Qhph6zoquBI+k8L/SbPshxW/cnNWql0u68iDI3AMTkEIzkENXIM6aAAMOLgHj+DJ096D9+y9LEZz3nLnEHyD9/oBI36QqQ==</latexit>→ Y

<latexit sha1_base64="ZZJlg/M/1HNqxUx/Irl4jPhynX4=">AAAB9HicdVDLSgNBEOyNrxhfUY9eBoPgadkNEs1BCHrxJBGMCSRrmJ1MkiEzs+vMbCAs+Q4vHhTx6sd482+cPASfBQ1FVTfdXWHMmTae9+5kFhaXlleyq7m19Y3Nrfz2zo2OEkVojUQ8Uo0Qa8qZpDXDDKeNWFEsQk7r4eB84teHVGkWyWszimkgcE+yLiPYWCm4bOPbtKUEMv3xaTtf8Nxy2SsVffSb+K43RQHmqLbzb61ORBJBpSEca930vdgEKVaGEU7HuVaiaYzJAPdo01KJBdVBOj16jA6s0kHdSNmSBk3VrxMpFlqPRGg7BTZ9/dObiH95zcR0T4KUyTgxVJLZom7CkYnQJAHUYYoSw0eWYKKYvRWRPlaYGJtTzobw+Sn6n9wUXb/klq6OCpWzeRxZ2IN9OAQfjqECF1CFGhC4g3t4hCdn6Dw4z87LrDXjzGd24Ruc1w/ZupIw</latexit>

N th
a =

Axiverse EFT at dim-5

<latexit sha1_base64="4MebABQcQWPuu/gez3g1VMeSY78=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0yUaG5BLx4TMAskQ+jp1CRteha6e4Qw5Au8eFDEq5/kzb+xswiuDwoe71VRVc9PBFfacd6tpeWV1bX13EZ+c2t7Z7ewt99UcSoZNlgsYtn2qULBI2xorgW2E4k09AW2/NHV1G/doVQ8jm70OEEvpIOIB5xRbaT6aa9QdOxKxSmXXPKbuLYzQxEWqPUKb91+zNIQI80EVarjOon2Mio1ZwIn+W6qMKFsRAfYMTSiISovmx06IcdG6ZMglqYiTWbq14mMhkqNQ990hlQP1U9vKv7ldVIdXHgZj5JUY8Tmi4JUEB2T6dekzyUyLcaGUCa5uZWwIZWUaZNN3oTw+Sn5nzRLtlu2y/WzYvVyEUcODuEITsCFc6jCNdSgAQwQ7uERnqxb68F6tl7mrUvWYuYAvsF6/QD2xI0T</latexit>

3
<latexit sha1_base64="+KkTXiG+8wWnerscciU+fvZs7jk=">AAAB8HicdVDJSgNBEK2JW4xb1KOXxiB4GmaCRnMLevEYwSySDKGn05M06e4ZunuEMOQrvHhQxKuf482/sbMIrg8KHu9VUVUvTDjTxvPendzS8srqWn69sLG5tb1T3N1r6jhVhDZIzGPVDrGmnEnaMMxw2k4UxSLktBWOLqd+644qzWJ5Y8YJDQQeSBYxgo2VbqtdwwTV6LRXLHlutepVyj76TXzXm6EEC9R7xbduPyapoNIQjrXu+F5iggwrwwink0I31TTBZIQHtGOpxHZNkM0OnqAjq/RRFCtb0qCZ+nUiw0LrsQhtp8BmqH96U/Evr5Oa6DzImExSQyWZL4pSjkyMpt+jPlOUGD62BBPF7K2IDLHCxNiMCjaEz0/R/6RZdv2KW7k+KdUuFnHk4QAO4Rh8OIMaXEEdGkBAwD08wpOjnAfn2XmZt+acxcw+fIPz+gF8VJA8</latexit>

9→ 5
<latexit sha1_base64="Gt6juK6SJerTfljJeffKL5bQj40=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmaCRHMLevGYgFkgGUJPpyZp07PQ3SOEIV/gxYMiXv0kb/6NnUVwfVDweK+Kqnp+IrjSjvNu5VZW19Y38puFre2d3b3i/kFLxalk2GSxiGXHpwoFj7CpuRbYSSTS0BfY9sdXM799h1LxOLrRkwS9kA4jHnBGtZEabr9Ycuxq1amUXfKbuLYzRwmWqPeLb71BzNIQI80EVarrOon2Mio1ZwKnhV6qMKFsTIfYNTSiISovmx86JSdGGZAglqYiTebq14mMhkpNQt90hlSP1E9vJv7ldVMdXHgZj5JUY8QWi4JUEB2T2ddkwCUyLSaGUCa5uZWwEZWUaZNNwYTw+Sn5n7TKtluxK42zUu1yGUcejuAYTsGFc6jBNdShCQwQ7uERnqxb68F6tl4WrTlrOXMI32C9fgDzvI0R</latexit>

1
<latexit sha1_base64="hNhyQX1AL8W+TKbSqugDkV9du5M=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgadkNIZqDEPTiMaIxgWQJs5PZZMjM7DIzK4Qln+DFgyJe/SJv/o2Th+CzoKGo6qa7K0w408bz3p3c0vLK6lp+vbCxubW9U9zdu9VxqghtkpjHqh1iTTmTtGmY4bSdKIpFyGkrHF1M/dYdVZrF8saMExoIPJAsYgQbK12fVWq9YslzazWvWvbRb+K73gwlWKDRK751+zFJBZWGcKx1x/cSE2RYGUY4nRS6qaYJJiM8oB1LJRZUB9ns1Ak6skofRbGyJQ2aqV8nMiy0HovQdgpshvqnNxX/8jqpiU6DjMkkNVSS+aIo5cjEaPo36jNFieFjSzBRzN6KyBArTIxNp2BD+PwU/U9uy65fdatXlVL9fBFHHg7gEI7BhxOowyU0oAkEBnAPj/DkcOfBeXZe5q05ZzGzD9/gvH4A9aeNng==</latexit>

= 49<latexit sha1_base64="Dh5QdIXhZzJzq6/ZrVdA8wqgSnY=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiAIwjAjEs0t6MVjAmaBZAg9nZqkTc9Cd48QhnyBFw+KePWTvPk3dhbB9UHB470qqur5ieBKO867lVtaXlldy68XNja3tneKu3tNFaeSYYPFIpZtnyoUPMKG5lpgO5FIQ19gyx9dTf3WHUrF4+hGjxP0QjqIeMAZ1Uaqn/SKJceuVJzyqUt+E9d2ZijBArVe8a3bj1kaYqSZoEp1XCfRXkal5kzgpNBNFSaUjegAO4ZGNETlZbNDJ+TIKH0SxNJUpMlM/TqR0VCpceibzpDqofrpTcW/vE6qgwsv41GSaozYfFGQCqJjMv2a9LlEpsXYEMokN7cSNqSSMm2yKZgQPj8l/5Pmqe2W7XL9rFS9XMSRhwM4hGNw4RyqcA01aAADhHt4hCfr1nqwnq2XeWvOWszswzdYrx/qpI0L</latexit>

+
<latexit sha1_base64="Dh5QdIXhZzJzq6/ZrVdA8wqgSnY=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiAIwjAjEs0t6MVjAmaBZAg9nZqkTc9Cd48QhnyBFw+KePWTvPk3dhbB9UHB470qqur5ieBKO867lVtaXlldy68XNja3tneKu3tNFaeSYYPFIpZtnyoUPMKG5lpgO5FIQ19gyx9dTf3WHUrF4+hGjxP0QjqIeMAZ1Uaqn/SKJceuVJzyqUt+E9d2ZijBArVe8a3bj1kaYqSZoEp1XCfRXkal5kzgpNBNFSaUjegAO4ZGNETlZbNDJ+TIKH0SxNJUpMlM/TqR0VCpceibzpDqofrpTcW/vE6qgwsv41GSaozYfFGQCqJjMv2a9LlEpsXYEMokN7cSNqSSMm2yKZgQPj8l/5Pmqe2W7XL9rFS9XMSRhwM4hGNw4RyqcA01aAADhHt4hCfr1nqwnq2XeWvOWszswzdYrx/qpI0L</latexit>

+

<latexit sha1_base64="AlIVPDFbwoNB8fzDCxlLv6Dj6c8=">AAAB8HicdVDLSgMxFL1TX7W+qi7dBIvgapgpUu2u6KbLCvYh7VAyaaYNTTJDkhHK0K9w40IRt36OO//G9CH4PBA4nHMvueeECWfaeN67k1tZXVvfyG8WtrZ3dveK+wctHaeK0CaJeaw6IdaUM0mbhhlOO4miWISctsPx1cxv31GlWSxvzCShgcBDySJGsLHSLenXUc/EyOsXS55brXqVso9+E9/15ijBEo1+8a03iEkqqDSEY627vpeYIMPKMMLptNBLNU0wGeMh7VoqsaA6yOYHT9GJVQYoipV90qC5+nUjw0LriQjtpMBmpH96M/Evr5ua6CLImExSQyVZfBSlHNmIs/RowBQlhk8swUQxeysiI6wwMbajgi3hMyn6n7TKrl9xK9dnpdrlso48HMExnIIP51CDOjSgCQQE3MMjPDnKeXCenZfFaM5Z7hzCNzivH/1Kj+k=</latexit>

cH → 0
<latexit sha1_base64="UD1MMWIxI3DgvLcgGrGFG8ZYL9I=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmaCRHML8eIxARMDyRB6OjVJm56F7h4hDPkCLx4U8eonefNv7CyC64OCx3tVVNXzE8GVdpx3K7eyura+kd8sbG3v7O4V9w/aKk4lwxaLRSw7PlUoeIQtzbXATiKRhr7AG398OfNv7lAqHkfXepKgF9JhxAPOqDZSs94vlhy7WnUqZZf8Jq7tzFGCJRr94ltvELM0xEgzQZXquk6ivYxKzZnAaaGXKkwoG9Mhdg2NaIjKy+aHTsmJUQYkiKWpSJO5+nUio6FSk9A3nSHVI/XTm4l/ed1UBxdexqMk1RixxaIgFUTHZPY1GXCJTIuJIZRJbm4lbEQlZdpkUzAhfH5K/iftsu1W7ErzrFSrL+PIwxEcwym4cA41uIIGtIABwj08wpN1az1Yz9bLojVnLWcO4Rus1w8Nj40i</latexit>

B
<latexit sha1_base64="ZmXpjuXwMCnOqUDHklMCF1fdFqw=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmaCRHMLevHgIaJZIBlCT6cnadLdM3T3CGHIJ3jxoIhXv8ibf2NnEVwfFDzeq6KqXphwpo3nvTu5peWV1bX8emFjc2t7p7i719RxqghtkJjHqh1iTTmTtGGY4bSdKIpFyGkrHF1M/dYdVZrF8taMExoIPJAsYgQbK91c9VivWPLcatWrlH30m/iuN0MJFqj3im/dfkxSQaUhHGvd8b3EBBlWhhFOJ4VuqmmCyQgPaMdSiQXVQTY7dYKOrNJHUaxsSYNm6teJDAutxyK0nQKbof7pTcW/vE5qorMgYzJJDZVkvihKOTIxmv6N+kxRYvjYEkwUs7ciMsQKE2PTKdgQPj9F/5Nm2fUrbuX6pFQ7X8SRhwM4hGPw4RRqcAl1aACBAdzDIzw53Hlwnp2XeWvOWczswzc4rx+Wp44I</latexit>

Li
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<latexit sha1_base64="tbaAj4jtZUOJwkQs/bYGc75nPIc="></latexit>

! → exp

(
ic

a

fa
Q!

)
!, H → exp

(
ic

a

fa
QH

)
H

<latexit sha1_base64="LYMqhzwaM/bXeIRdrQ63wrArhx4="></latexit>

L5 =
∑

G

cGωG

4εfa
aGGG̃+

∑

!

ϑµa!

fa
!ϖ

µ
c!!+

cH

fa
ϑµaH(H†

DµH + h.c.)



• “Orthogonal axiverse” assumption: 

• But there are redundant operators: 

• Field redef  sets  
• Axion couplings only defined modulo generators of    and

<latexit sha1_base64="Zx6wjXwmyUR6KC7KVoyrc+pjvLc=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GmaKVLsrunFZwb5oh5JJM21oXiQZoQz9CjcuFHHr57jzb0wfgs8DgcM595J7TqwYNTYI3r3cyura+kZ+s7C1vbO7V9w/aBqZakwaWDKp2zEyhFFBGpZaRtpKE8RjRlrx+Grmt+6INlSKWztRJOJoKGhCMbJO6vSUlspK2OkXS4FfrQaVcgh/k9AP5iiBJer94ltvIHHKibCYIWO6YaBslCFtKWZkWuilhiiEx2hIuo4KxImJsvnBU3jilAFMpHZPWDhXv25kiBsz4bGb5MiOzE9vJv7ldVObXEQZFSq1RODFR0nKoIs4Sw8HVBNs2cQRhDV1t0I8Qhph6zoquBI+k8L/SbPshxW/cnNWql0u68iDI3AMTkEIzkENXIM6aAAMOLgHj+DJ096D9+y9LEZz3nLnEHyD9/oBI36QqQ==</latexit>→ Y Overcounted  
by 5 operators

<latexit sha1_base64="ZZJlg/M/1HNqxUx/Irl4jPhynX4=">AAAB9HicdVDLSgNBEOyNrxhfUY9eBoPgadkNEs1BCHrxJBGMCSRrmJ1MkiEzs+vMbCAs+Q4vHhTx6sd482+cPASfBQ1FVTfdXWHMmTae9+5kFhaXlleyq7m19Y3Nrfz2zo2OEkVojUQ8Uo0Qa8qZpDXDDKeNWFEsQk7r4eB84teHVGkWyWszimkgcE+yLiPYWCm4bOPbtKUEMv3xaTtf8Nxy2SsVffSb+K43RQHmqLbzb61ORBJBpSEca930vdgEKVaGEU7HuVaiaYzJAPdo01KJBdVBOj16jA6s0kHdSNmSBk3VrxMpFlqPRGg7BTZ9/dObiH95zcR0T4KUyTgxVJLZom7CkYnQJAHUYYoSw0eWYKKYvRWRPlaYGJtTzobw+Sn6n9wUXb/klq6OCpWzeRxZ2IN9OAQfjqECF1CFGhC4g3t4hCdn6Dw4z87LrDXjzGd24Ruc1w/ZupIw</latexit>

N th
a =

Axiverse EFT at dim-5

<latexit sha1_base64="4MebABQcQWPuu/gez3g1VMeSY78=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0yUaG5BLx4TMAskQ+jp1CRteha6e4Qw5Au8eFDEq5/kzb+xswiuDwoe71VRVc9PBFfacd6tpeWV1bX13EZ+c2t7Z7ewt99UcSoZNlgsYtn2qULBI2xorgW2E4k09AW2/NHV1G/doVQ8jm70OEEvpIOIB5xRbaT6aa9QdOxKxSmXXPKbuLYzQxEWqPUKb91+zNIQI80EVarjOon2Mio1ZwIn+W6qMKFsRAfYMTSiISovmx06IcdG6ZMglqYiTWbq14mMhkqNQ990hlQP1U9vKv7ldVIdXHgZj5JUY8Tmi4JUEB2T6dekzyUyLcaGUCa5uZWwIZWUaZNN3oTw+Sn5nzRLtlu2y/WzYvVyEUcODuEITsCFc6jCNdSgAQwQ7uERnqxb68F6tl7mrUvWYuYAvsF6/QD2xI0T</latexit>

3
<latexit sha1_base64="+KkTXiG+8wWnerscciU+fvZs7jk=">AAAB8HicdVDJSgNBEK2JW4xb1KOXxiB4GmaCRnMLevEYwSySDKGn05M06e4ZunuEMOQrvHhQxKuf482/sbMIrg8KHu9VUVUvTDjTxvPendzS8srqWn69sLG5tb1T3N1r6jhVhDZIzGPVDrGmnEnaMMxw2k4UxSLktBWOLqd+644qzWJ5Y8YJDQQeSBYxgo2VbqtdwwTV6LRXLHlutepVyj76TXzXm6EEC9R7xbduPyapoNIQjrXu+F5iggwrwwink0I31TTBZIQHtGOpxHZNkM0OnqAjq/RRFCtb0qCZ+nUiw0LrsQhtp8BmqH96U/Evr5Oa6DzImExSQyWZL4pSjkyMpt+jPlOUGD62BBPF7K2IDLHCxNiMCjaEz0/R/6RZdv2KW7k+KdUuFnHk4QAO4Rh8OIMaXEEdGkBAwD08wpOjnAfn2XmZt+acxcw+fIPz+gF8VJA8</latexit>

9→ 5
<latexit sha1_base64="Gt6juK6SJerTfljJeffKL5bQj40=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmaCRHMLevGYgFkgGUJPpyZp07PQ3SOEIV/gxYMiXv0kb/6NnUVwfVDweK+Kqnp+IrjSjvNu5VZW19Y38puFre2d3b3i/kFLxalk2GSxiGXHpwoFj7CpuRbYSSTS0BfY9sdXM799h1LxOLrRkwS9kA4jHnBGtZEabr9Ycuxq1amUXfKbuLYzRwmWqPeLb71BzNIQI80EVarrOon2Mio1ZwKnhV6qMKFsTIfYNTSiISovmx86JSdGGZAglqYiTebq14mMhkpNQt90hlSP1E9vJv7ldVMdXHgZj5JUY8QWi4JUEB2T2ddkwCUyLSaGUCa5uZWwEZWUaZNNwYTw+Sn5n7TKtluxK42zUu1yGUcejuAYTsGFc6jBNdShCQwQ7uERnqxb68F6tl4WrTlrOXMI32C9fgDzvI0R</latexit>

1
<latexit sha1_base64="hNhyQX1AL8W+TKbSqugDkV9du5M=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgadkNIZqDEPTiMaIxgWQJs5PZZMjM7DIzK4Qln+DFgyJe/SJv/o2Th+CzoKGo6qa7K0w408bz3p3c0vLK6lp+vbCxubW9U9zdu9VxqghtkpjHqh1iTTmTtGmY4bSdKIpFyGkrHF1M/dYdVZrF8saMExoIPJAsYgQbK12fVWq9YslzazWvWvbRb+K73gwlWKDRK751+zFJBZWGcKx1x/cSE2RYGUY4nRS6qaYJJiM8oB1LJRZUB9ns1Ak6skofRbGyJQ2aqV8nMiy0HovQdgpshvqnNxX/8jqpiU6DjMkkNVSS+aIo5cjEaPo36jNFieFjSzBRzN6KyBArTIxNp2BD+PwU/U9uy65fdatXlVL9fBFHHg7gEI7BhxOowyU0oAkEBnAPj/DkcOfBeXZe5q05ZzGzD9/gvH4A9aeNng==</latexit>

= 49<latexit sha1_base64="Dh5QdIXhZzJzq6/ZrVdA8wqgSnY=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiAIwjAjEs0t6MVjAmaBZAg9nZqkTc9Cd48QhnyBFw+KePWTvPk3dhbB9UHB470qqur5ieBKO867lVtaXlldy68XNja3tneKu3tNFaeSYYPFIpZtnyoUPMKG5lpgO5FIQ19gyx9dTf3WHUrF4+hGjxP0QjqIeMAZ1Uaqn/SKJceuVJzyqUt+E9d2ZijBArVe8a3bj1kaYqSZoEp1XCfRXkal5kzgpNBNFSaUjegAO4ZGNETlZbNDJ+TIKH0SxNJUpMlM/TqR0VCpceibzpDqofrpTcW/vE6qgwsv41GSaozYfFGQCqJjMv2a9LlEpsXYEMokN7cSNqSSMm2yKZgQPj8l/5Pmqe2W7XL9rFS9XMSRhwM4hGNw4RyqcA01aAADhHt4hCfr1nqwnq2XeWvOWszswzdYrx/qpI0L</latexit>

+
<latexit sha1_base64="Dh5QdIXhZzJzq6/ZrVdA8wqgSnY=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiAIwjAjEs0t6MVjAmaBZAg9nZqkTc9Cd48QhnyBFw+KePWTvPk3dhbB9UHB470qqur5ieBKO867lVtaXlldy68XNja3tneKu3tNFaeSYYPFIpZtnyoUPMKG5lpgO5FIQ19gyx9dTf3WHUrF4+hGjxP0QjqIeMAZ1Uaqn/SKJceuVJzyqUt+E9d2ZijBArVe8a3bj1kaYqSZoEp1XCfRXkal5kzgpNBNFSaUjegAO4ZGNETlZbNDJ+TIKH0SxNJUpMlM/TqR0VCpceibzpDqofrpTcW/vE6qgwsv41GSaozYfFGQCqJjMv2a9LlEpsXYEMokN7cSNqSSMm2yKZgQPj8l/5Pmqe2W7XL9rFS9XMSRhwM4hGNw4RyqcA01aAADhHt4hCfr1nqwnq2XeWvOWszswzdYrx/qpI0L</latexit>

+

<latexit sha1_base64="AlIVPDFbwoNB8fzDCxlLv6Dj6c8=">AAAB8HicdVDLSgMxFL1TX7W+qi7dBIvgapgpUu2u6KbLCvYh7VAyaaYNTTJDkhHK0K9w40IRt36OO//G9CH4PBA4nHMvueeECWfaeN67k1tZXVvfyG8WtrZ3dveK+wctHaeK0CaJeaw6IdaUM0mbhhlOO4miWISctsPx1cxv31GlWSxvzCShgcBDySJGsLHSLenXUc/EyOsXS55brXqVso9+E9/15ijBEo1+8a03iEkqqDSEY627vpeYIMPKMMLptNBLNU0wGeMh7VoqsaA6yOYHT9GJVQYoipV90qC5+nUjw0LriQjtpMBmpH96M/Evr5ua6CLImExSQyVZfBSlHNmIs/RowBQlhk8swUQxeysiI6wwMbajgi3hMyn6n7TKrl9xK9dnpdrlso48HMExnIIP51CDOjSgCQQE3MMjPDnKeXCenZfFaM5Z7hzCNzivH/1Kj+k=</latexit>

cH → 0
<latexit sha1_base64="UD1MMWIxI3DgvLcgGrGFG8ZYL9I=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmaCRHML8eIxARMDyRB6OjVJm56F7h4hDPkCLx4U8eonefNv7CyC64OCx3tVVNXzE8GVdpx3K7eyura+kd8sbG3v7O4V9w/aKk4lwxaLRSw7PlUoeIQtzbXATiKRhr7AG398OfNv7lAqHkfXepKgF9JhxAPOqDZSs94vlhy7WnUqZZf8Jq7tzFGCJRr94ltvELM0xEgzQZXquk6ivYxKzZnAaaGXKkwoG9Mhdg2NaIjKy+aHTsmJUQYkiKWpSJO5+nUio6FSk9A3nSHVI/XTm4l/ed1UBxdexqMk1RixxaIgFUTHZPY1GXCJTIuJIZRJbm4lbEQlZdpkUzAhfH5K/iftsu1W7ErzrFSrL+PIwxEcwym4cA41uIIGtIABwj08wpN1az1Yz9bLojVnLWcO4Rus1w8Nj40i</latexit>

B
<latexit sha1_base64="ZmXpjuXwMCnOqUDHklMCF1fdFqw=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmaCRHMLevHgIaJZIBlCT6cnadLdM3T3CGHIJ3jxoIhXv8ibf2NnEVwfFDzeq6KqXphwpo3nvTu5peWV1bX8emFjc2t7p7i719RxqghtkJjHqh1iTTmTtGGY4bSdKIpFyGkrHF1M/dYdVZrF8taMExoIPJAsYgQbK91c9VivWPLcatWrlH30m/iuN0MJFqj3im/dfkxSQaUhHGvd8b3EBBlWhhFOJ4VuqmmCyQgPaMdSiQXVQTY7dYKOrNJHUaxsSYNm6teJDAutxyK0nQKbof7pTcW/vE5qorMgYzJJDZVkvihKOTIxmv6N+kxRYvjYEkwUs7ciMsQKE2PTKdgQPj9F/5Nm2fUrbuX6pFQ7X8SRhwM4hGPw4RRqcAl1aACBAdzDIzw53Hlwnp2XeWvOWczswzc4rx+Wp44I</latexit>

Li

<latexit sha1_base64="OOrqbKc89dnOHT1RYWLBF6pr0/I=">AAAB6XicdVDJSgNBEK1xjXGLevTSGARPw0yQaG5BLx6jmAWSIfR0apImPT1Dd48QQv7AiwdFvPpH3vwbO4vg+qDg8V4VVfXCVHBtPO/dWVpeWV1bz23kN7e2d3YLe/sNnWSKYZ0lIlGtkGoUXGLdcCOwlSqkcSiwGQ4vp37zDpXmibw1oxSDmPYljzijxko3nUm3UPTcSsUrl3zym/iuN0MRFqh1C2+dXsKyGKVhgmrd9r3UBGOqDGcCJ/lOpjGlbEj72LZU0hh1MJ5dOiHHVumRKFG2pCEz9evEmMZaj+LQdsbUDPRPbyr+5bUzE50HYy7TzKBk80VRJohJyPRt0uMKmREjSyhT3N5K2IAqyowNJ29D+PyU/E8aJdcvu+Xr02L1YhFHDg7hCE7AhzOowhXUoA4MIriHR3hyhs6D8+y8zFuXnMXMAXyD8/oBF7qNww==</latexit>

}
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<latexit sha1_base64="tbaAj4jtZUOJwkQs/bYGc75nPIc="></latexit>

! → exp

(
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a

fa
Q!

)
!, H → exp

(
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a

fa
QH

)
H

<latexit sha1_base64="LYMqhzwaM/bXeIRdrQ63wrArhx4="></latexit>

L5 =
∑
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cGωG

4εfa
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• Summary at dim-5: 
• Each operator can thermalize an independent axion direction 
• 44 operators at dim-5  existing constraints from CMB 
• Not all operators are strong enough to thermalize 
• Strongly depends on expectations for fermion couplings

≫

Axiverse EFT at dim-5
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Expectations for Fermion Couplings

2309.13145

• No calculation of axion-fermion couplings in Axiverse 
• We consider these scenarios: 

1. Hadronic Axiverse  
2. Flavor Anarchy 
3. Froggatt-Neilsen mechanism (             ) 
4. Minimal Flavor Violation

<latexit sha1_base64="7TReHAbFDLv6QfLonnSX9k8E/hc=">AAAB/nicdVDLSsNAFJ34rPUVFVduBovgKiRFqt0VBXEhUsE+oAlhMpm0QyeTMDMRSij4K25cKOLW73Dn3zhpK/g8MHA451zunROkjEpl2+/G3PzC4tJyaaW8ura+sWlubbdlkglMWjhhiegGSBJGOWkpqhjppoKgOGCkEwzPCr9zS4SkCb9Ro5R4MepzGlGMlJZ8c9e91OEQ+fn51Ri6/T6MfFT2zYpt1et2rerA38Sx7AkqYIamb765YYKzmHCFGZKy59ip8nIkFMWMjMtuJkmK8BD1SU9TjmIivXxy/hgeaCWEUSL04wpO1K8TOYqlHMWBTsZIDeRPrxD/8nqZik68nPI0U4Tj6aIoY1AlsOgChlQQrNhIE4QF1bdCPEACYaUbK0r4/Cn8n7SrllOzatdHlcbprI4S2AP74BA44Bg0wAVoghbAIAf34BE8GXfGg/FsvEyjc8ZsZgd8g/H6ASGVlPs=</latexit>

!FN → fa

35



(i) Hadronic Axiverse
• Every axion is KSVZ — no tree-level coupling to fermions 

• If the SM is embedded into a simple GUT, then           .

<latexit sha1_base64="ZZJlg/M/1HNqxUx/Irl4jPhynX4=">AAAB9HicdVDLSgNBEOyNrxhfUY9eBoPgadkNEs1BCHrxJBGMCSRrmJ1MkiEzs+vMbCAs+Q4vHhTx6sd482+cPASfBQ1FVTfdXWHMmTae9+5kFhaXlleyq7m19Y3Nrfz2zo2OEkVojUQ8Uo0Qa8qZpDXDDKeNWFEsQk7r4eB84teHVGkWyWszimkgcE+yLiPYWCm4bOPbtKUEMv3xaTtf8Nxy2SsVffSb+K43RQHmqLbzb61ORBJBpSEca930vdgEKVaGEU7HuVaiaYzJAPdo01KJBdVBOj16jA6s0kHdSNmSBk3VrxMpFlqPRGg7BTZ9/dObiH95zcR0T4KUyTgxVJLZom7CkYnQJAHUYYoSw0eWYKKYvRWRPlaYGJtTzobw+Sn6n9wUXb/klq6OCpWzeRxZ2IN9OAQfjqECF1CFGhC4g3t4hCdn6Dw4z87LrDXjzGd24Ruc1w/ZupIw</latexit>

N th
a =

<latexit sha1_base64="4MebABQcQWPuu/gez3g1VMeSY78=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0yUaG5BLx4TMAskQ+jp1CRteha6e4Qw5Au8eFDEq5/kzb+xswiuDwoe71VRVc9PBFfacd6tpeWV1bX13EZ+c2t7Z7ewt99UcSoZNlgsYtn2qULBI2xorgW2E4k09AW2/NHV1G/doVQ8jm70OEEvpIOIB5xRbaT6aa9QdOxKxSmXXPKbuLYzQxEWqPUKb91+zNIQI80EVarjOon2Mio1ZwIn+W6qMKFsRAfYMTSiISovmx06IcdG6ZMglqYiTWbq14mMhkqNQ990hlQP1U9vKv7ldVIdXHgZj5JUY8Tmi4JUEB2T6dekzyUyLcaGUCa5uZWwIZWUaZNN3oTw+Sn5nzRLtlu2y/WzYvVyEUcODuEITsCFc6jCNdSgAQwQ7uERnqxb68F6tl7mrUvWYuYAvsF6/QD2xI0T</latexit>

3

<latexit sha1_base64="86yfZ0uVhMxMUTyKET4U/HITMnA=">AAAB9XicdVDJSgNBEO1xjXGLevTSGARPw0yQaA5C0IsniWAWSCahp9NJmnT3DN01ShjyH148KOLVf/Hm39hZBNcHBY/3qqiqF8aCG/C8d2dhcWl5ZTWzll3f2Nzazu3s1kyUaMqqNBKRboTEMMEVqwIHwRqxZkSGgtXD4cXEr98ybXikbmAUs0CSvuI9TglYqX3VIe20pSWGwfjM7+TynlsqecWCj38T3/WmyKM5Kp3cW6sb0UQyBVQQY5q+F0OQEg2cCjbOthLDYkKHpM+alioimQnS6dVjfGiVLu5F2pYCPFW/TqREGjOSoe2UBAbmpzcR//KaCfROg5SrOAGm6GxRLxEYIjyJAHe5ZhTEyBJCNbe3YjogmlCwQWVtCJ+f4v9JreD6Rbd4fZwvn8/jyKB9dICOkI9OUBldogqqIoo0ukeP6Mm5cx6cZ+dl1rrgzGf20Dc4rx9N4ZJr</latexit>

N th
a = 1
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G

cGωG
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∑

!

ϑµa!
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!ϖµc!!



(i) Hadronic Axiverse
• Every axion is KSVZ — no tree-level coupling to fermions 

• If the SM is embedded into a simple GUT, then           .

<latexit sha1_base64="bfhlOdwygiKlZIo5EW8UPI9s9LA="></latexit>

Td → 1012 GeV

(
fa

1012 GeV

)2 (0.05

ω

)3
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<latexit sha1_base64="ZZJlg/M/1HNqxUx/Irl4jPhynX4=">AAAB9HicdVDLSgNBEOyNrxhfUY9eBoPgadkNEs1BCHrxJBGMCSRrmJ1MkiEzs+vMbCAs+Q4vHhTx6sd482+cPASfBQ1FVTfdXWHMmTae9+5kFhaXlleyq7m19Y3Nrfz2zo2OEkVojUQ8Uo0Qa8qZpDXDDKeNWFEsQk7r4eB84teHVGkWyWszimkgcE+yLiPYWCm4bOPbtKUEMv3xaTtf8Nxy2SsVffSb+K43RQHmqLbzb61ORBJBpSEca930vdgEKVaGEU7HuVaiaYzJAPdo01KJBdVBOj16jA6s0kHdSNmSBk3VrxMpFlqPRGg7BTZ9/dObiH95zcR0T4KUyTgxVJLZom7CkYnQJAHUYYoSw0eWYKKYvRWRPlaYGJtTzobw+Sn6n9wUXb/klq6OCpWzeRxZ2IN9OAQfjqECF1CFGhC4g3t4hCdn6Dw4z87LrDXjzGd24Ruc1w/ZupIw</latexit>

N th
a =

<latexit sha1_base64="4MebABQcQWPuu/gez3g1VMeSY78=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0yUaG5BLx4TMAskQ+jp1CRteha6e4Qw5Au8eFDEq5/kzb+xswiuDwoe71VRVc9PBFfacd6tpeWV1bX13EZ+c2t7Z7ewt99UcSoZNlgsYtn2qULBI2xorgW2E4k09AW2/NHV1G/doVQ8jm70OEEvpIOIB5xRbaT6aa9QdOxKxSmXXPKbuLYzQxEWqPUKb91+zNIQI80EVarjOon2Mio1ZwIn+W6qMKFsRAfYMTSiISovmx06IcdG6ZMglqYiTWbq14mMhkqNQ990hlQP1U9vKv7ldVIdXHgZj5JUY8Tmi4JUEB2T6dekzyUyLcaGUCa5uZWwIZWUaZNN3oTw+Sn5nzRLtlu2y/WzYvVyEUcODuEITsCFc6jCNdSgAQwQ7uERnqxb68F6tl7mrUvWYuYAvsF6/QD2xI0T</latexit>
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∑

!
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<latexit sha1_base64="86yfZ0uVhMxMUTyKET4U/HITMnA=">AAAB9XicdVDJSgNBEO1xjXGLevTSGARPw0yQaA5C0IsniWAWSCahp9NJmnT3DN01ShjyH148KOLVf/Hm39hZBNcHBY/3qqiqF8aCG/C8d2dhcWl5ZTWzll3f2Nzazu3s1kyUaMqqNBKRboTEMMEVqwIHwRqxZkSGgtXD4cXEr98ybXikbmAUs0CSvuI9TglYqX3VIe20pSWGwfjM7+TynlsqecWCj38T3/WmyKM5Kp3cW6sb0UQyBVQQY5q+F0OQEg2cCjbOthLDYkKHpM+alioimQnS6dVjfGiVLu5F2pYCPFW/TqREGjOSoe2UBAbmpzcR//KaCfROg5SrOAGm6GxRLxEYIjyJAHe5ZhTEyBJCNbe3YjogmlCwQWVtCJ+f4v9JreD6Rbd4fZwvn8/jyKB9dICOkI9OUBldogqqIoo0ukeP6Mm5cx6cZ+dl1rrgzGf20Dc4rx9N4ZJr</latexit>

N th
a = 1



Hadronic Axiverse, Dim-5
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Axion Production Rate

2309.13145

• Axion production rates controlled by fermion Yukawas

41

<latexit sha1_base64="KYNqJkteJ6SguCwD9s/JTLYMrLY=">AAACRnicdZBLbxMxFIXvhFcJrwBLNhYRUhFSNJNWge4qWNBlkJo+lJlYdxxP69SesWwPIrLm13XTNTt+AhsWVBVbnEclnleydHzOvbr2l2sprIvjL1Hrxs1bt+9s3G3fu//g4aPO4ycHtqoN4yNWycoc5Wi5FCUfOeEkP9KGo8olP8zP3i3yw4/cWFGV+26ueabwp BSFYOiCRTtZ+h6VQur3SDq0ggqSuorg6jJrSIpam+oTSaeFQeYZ9WLWTPpk85iKV8d09nLSb/w2SbVornv2J1uNLyiGhHa6cW9nJx70E/K3SHrxsrqwriHtfE6nFasVLx2TaO04ibXLPBonmORNO60t18jO8ISPgyxRcZv5JYaGvAjOlBSVCad0ZOn+OuFRWTtXeehU6E7tn9nC/Fc2rl3xJvOi1LXjJVstKmpJAqkFUzIVhjMn50EgMyK8lbBTDCxcIN8OEK5/Sv4vDvq9ZNAbfNju7r5d49iAZ/AcNiGB17ALezCEETA4h6/wHS6ji+hbdBX9WLW2ovXMU/itWvAT4sWw5w==</latexit>

!H!i→a!j →
c2
ij
(Yi + Yj)2

4ω

T 3
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<latexit sha1_base64="9E/NXtP39x6lYmGnKyC+mdfX8u0="></latexit>

=→ Td ↑ 107 GeV

(
fa

1012 GeV

)2 ( 1

cYf

)2

Axion Production Rate

2309.13145

• Axion production rates controlled by fermion Yukawas
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<latexit sha1_base64="KYNqJkteJ6SguCwD9s/JTLYMrLY=">AAACRnicdZBLbxMxFIXvhFcJrwBLNhYRUhFSNJNWge4qWNBlkJo+lJlYdxxP69SesWwPIrLm13XTNTt+AhsWVBVbnEclnleydHzOvbr2l2sprIvjL1Hrxs1bt+9s3G3fu//g4aPO4ycHtqoN4yNWycoc5Wi5FCUfOeEkP9KGo8olP8zP3i3yw4/cWFGV+26ueabwp BSFYOiCRTtZ+h6VQur3SDq0ggqSuorg6jJrSIpam+oTSaeFQeYZ9WLWTPpk85iKV8d09nLSb/w2SbVornv2J1uNLyiGhHa6cW9nJx70E/K3SHrxsrqwriHtfE6nFasVLx2TaO04ibXLPBonmORNO60t18jO8ISPgyxRcZv5JYaGvAjOlBSVCad0ZOn+OuFRWTtXeehU6E7tn9nC/Fc2rl3xJvOi1LXjJVstKmpJAqkFUzIVhjMn50EgMyK8lbBTDCxcIN8OEK5/Sv4vDvq9ZNAbfNju7r5d49iAZ/AcNiGB17ALezCEETA4h6/wHS6ji+hbdBX9WLW2ovXMU/itWvAT4sWw5w==</latexit>

!H!i→a!j →
c2
ij
(Yi + Yj)2

4ω

T 3

f2
a



• Model      as that required to solve the flavor puzzle 
• Froggatt-Neilsen mechanism: Yukawas arise as VEV of a scalar S
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<latexit sha1_base64="HaWDnt0NhRuPAEqNKpNl6FoxdBs=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiB4GmaCJOYW9OIxglkgGUJPpydp09M9dPcIYcg/ePGgiFf/x5t/Y2cRXB8UPN6roqpemHCmjee9O7mV1bX1jfxmYWt7Z3evuH/Q0jJVhDaJ5FJ1QqwpZ4I2DTOcdhJFcRxy2g7HlzO/fUeVZlLcmElCgxgPBYsYwcZKLdLvNTTrF0ueW6t5lbKPfhPf9eYowRKNfvGtN5AkjakwhGOtu76XmCDDyjDC6bTQSzVNMBnjIe1aKnBMdZDNr52iE6sMUCSVLWHQXP06keFY60kc2s4Ym5H+6c3Ev7xuaqLzIGMiSQ0VZLEoSjkyEs1eRwOmKDF8YgkmitlbERlhhYmxARVsCJ+fov9Jq+z6FbdyfVaqXyzjyMMRHMMp+FCFOlxBA5pA4Bbu4RGeHOk8OM/Oy6I15yxnDuEbnNcP3/aPXA==</latexit>c!

<latexit sha1_base64="plzHBNPXq+yBihpNSMD3Son70A4="></latexit>

L = Y
d
ijHQid̄j + Y

u
ij H̃Qiūj →↑
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↓S↔
!FN

)nd
ij

QiHd̄j +

(
↓S↔
!FN

)nu
ij

QiH̃ūj

Froggatt-Neilsen Flavor Model



• Model      as that required to solve the flavor puzzle 
• Froggatt-Neilsen mechanism: Yukawas arise as VEV of a scalar S 

• Axion-fermion operators

<latexit sha1_base64="plzHBNPXq+yBihpNSMD3Son70A4="></latexit>

L = Y
d
ijHQid̄j + Y

u
ij H̃Qiūj →↑

(
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!FN

)nd
ij

QiHd̄j +

(
↓S↔
!FN

)nu
ij

QiH̃ūj
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<latexit sha1_base64="HaWDnt0NhRuPAEqNKpNl6FoxdBs=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiB4GmaCJOYW9OIxglkgGUJPpydp09M9dPcIYcg/ePGgiFf/x5t/Y2cRXB8UPN6roqpemHCmjee9O7mV1bX1jfxmYWt7Z3evuH/Q0jJVhDaJ5FJ1QqwpZ4I2DTOcdhJFcRxy2g7HlzO/fUeVZlLcmElCgxgPBYsYwcZKLdLvNTTrF0ueW6t5lbKPfhPf9eYowRKNfvGtN5AkjakwhGOtu76XmCDDyjDC6bTQSzVNMBnjIe1aKnBMdZDNr52iE6sMUCSVLWHQXP06keFY60kc2s4Ym5H+6c3Ev7xuaqLzIGMiSQ0VZLEoSjkyEs1eRwOmKDF8YgkmitlbERlhhYmxARVsCJ+fov9Jq+z6FbdyfVaqXyzjyMMRHMMp+FCFOlxBA5pA4Bbu4RGeHOk8OM/Oy6I15yxnDuEbnNcP3/aPXA==</latexit>c!

<latexit sha1_base64="d6A/8llEHhVB34x3NiHBOf4rwn8="></latexit>

ωµa!
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!εµc!! =→ cij! ↑
(

↓S↔
”FN

)|H(!i)→H(!j)|

Froggatt-Neilsen Flavor Model



<latexit sha1_base64="d6A/8llEHhVB34x3NiHBOf4rwn8="></latexit>

ωµa!
fa

!εµc!! =→ cij! ↑
(

↓S↔
”FN

)|H(!i)→H(!j)|

Froggatt-Neilsen Flavor Model
• Model      as that required to solve the flavor puzzle 
• Froggatt-Neilsen mechanism: Yukawas arise as VEV of a scalar S 

• Axion-fermion operators 

• EX:

<latexit sha1_base64="DSvdBc+iX5DAjWhw31k1VEQ2JCU="></latexit>

=→ cQ =




ω0 ω1 ω3

ω1 ω0 ω2

ω3 ω2 ω0



 ↑




1 0.23 0.01

0.23 1 0.05
0.01 0.05 1
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<latexit sha1_base64="HaWDnt0NhRuPAEqNKpNl6FoxdBs=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiB4GmaCJOYW9OIxglkgGUJPpydp09M9dPcIYcg/ePGgiFf/x5t/Y2cRXB8UPN6roqpemHCmjee9O7mV1bX1jfxmYWt7Z3evuH/Q0jJVhDaJ5FJ1QqwpZ4I2DTOcdhJFcRxy2g7HlzO/fUeVZlLcmElCgxgPBYsYwcZKLdLvNTTrF0ueW6t5lbKPfhPf9eYowRKNfvGtN5AkjakwhGOtu76XmCDDyjDC6bTQSzVNMBnjIe1aKnBMdZDNr52iE6sMUCSVLWHQXP06keFY60kc2s4Ym5H+6c3Ev7xuaqLzIGMiSQ0VZLEoSjkyEs1eRwOmKDF8YgkmitlbERlhhYmxARVsCJ+fov9Jq+z6FbdyfVaqXyzjyMMRHMMp+FCFOlxBA5pA4Bbu4RGeHOk8OM/Oy6I15yxnDuEbnNcP3/aPXA==</latexit>c!

<latexit sha1_base64="plzHBNPXq+yBihpNSMD3Son70A4="></latexit>
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ij

QiH̃ūj



Textured Axiverse
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<latexit sha1_base64="3SsXy5r5iuwqqS9nZDwUWyBP0Fo=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQNyWxUl0W3bisYB/ShDCZTtuhM5MwMxFCqL/ixoUibv0Qd/6N0zYLbT1w4XDOvdx7TxgzqrTjfFuFtfWNza3idmlnd2//wD486qgokZi0ccQi2QuRIowK0tZUM9KLJUE8ZKQbTm5mfveRSEUjca/TmPgcjQQdUoy0kQK7jIKsXp96sIofoKcoh+5ZYFecmjMHXCVuTiogRyuwv7xBhBNOhMYMKdV3nVj7GZKaYkamJS9RJEZ4gkakb6hAnCg/mx8/hadGGcBhJE0JDefq74kMcaVSHppOjvRYLXsz8T+vn+jhlZ9RESeaCLxYNEwY1BGcJQEHVBKsWWoIwpKaWyEeI4mwNnmVTAju8surpHNecxu1xt1FpXmdx1EEx+AEVIELLkET3IIWaAMMUvAMXsGb9WS9WO/Wx6K1YOUzZfAH1ucPL5WTMQ==</latexit>

a33
(cY

→ 1)
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<latexit sha1_base64="UYA6SBsaYagJ7Ke+S/Cmn17gLcA=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJDKUiWACmMFC2OR6AM1IXIcp7VqO5HtIFVRBxZ+hYUBhFj5CDb+BvcxQMuRLB2dc4+u7wlTRpV2nG9raXlldW29sFHc3Nre2bX39lsqySQmTZywRHZCpAijgjQ11Yx0UkkQDxlph4Orsd9+IFLRRNzqYUp8jnqCxhQjbaTALqH7LMhP6ciDFXwHPUU59JjJR+g4sMtO1ZkALhJ3RspghkZgf3lRgjNOhMYMKdV1nVT7OZKaYkZGRS9TJEV4gHqka6hAnCg/nxwxgkdGiWCcSPOEhhP1dyJHXKkhD80kR7qv5r2x+J/XzXR84edUpJkmAk8XxRmDOoHjRmBEJcGaDQ1BWFLzV4j7SCKsTW9FU4I7f/IiaZ1U3Vq1dnNWrl/O6iiAEjgEFeCCc1AH16ABmgCDR/AMXsGb9WS9WO/Wx3R0yZplDsAfWJ8/C3eXFg==</latexit>
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<latexit sha1_base64="eOZ6pl4XUxzPcVc6XeILknKH8hU=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQNyWpUl0W3bhswT6kScNkMmmHziRhZiKU0JUbf8WNC0Xc+g3u/Bunj4W2Hhg4nHMPd+7xE0alsqxvI7eyura+kd8sbG3v7O6Z+wctGacCkyaOWSw6PpKE0Yg0FVWMdBJBEPcZafvDm4nffiBC0ji6U6OEuBz1IxpSjJSWPPMY9Rpedk7HDizhe+hIyqHDdD5AvcqZZxatsjUFXCb2nBTBHHXP/HKCGKecRAozJGXXthLlZkgoihkZF5xUkgThIeqTrqYR4kS62fSMMTzVSgDDWOgXKThVfycyxKUccV9PcqQGctGbiP953VSFV25GoyRVJMKzRWHKoIrhpBMYUEGwYiNNEBZU/xXiARIIK91cQZdgL568TFqVsl0tVxsXxdr1vI48OAInoARscAlq4BbUQRNg8AiewSt4M56MF+Pd+JiN5ox55hD8gfH5Awk+l5Y=</latexit>
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Cosmology Dependence
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Axiverse EFT at dim-6
• As , EFT begins to break downT ∼ fa
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Axiverse EFT at dim-6
• As , EFT begins to break down 

• Quadratic in axion field  thermalizes                             axions! 
• Due to large yield, freeze-in also important

T ∼ fa

⟹
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rank(cah), rank(caF )



Hadronic Axiverse, Dim-6
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Conclusions
• Axiverse phenomenology rich and underexplored 
• Reheat temperatures must be low in the Axiverse 
• Bottom-up approach here: need top-down too 
• May lead to large  signals at ongoing CMB experiments 
• Our approach generalizes to computing abundances of N copies of any 

particle 

Neff
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Thank you!
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(ii) Anarchic Fermion Couplings

2309.13145

• Assume      entries are        random numbers: 

• Each operator thermalizes a different axion
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Anarchic Axiverse
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• Assume the only source of flavor violation is the SM Yukawas. 
• Treat  as a spurion under :cΨ SU(3)Ψ

(iv) Minimal Flavor Violation Model
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cQ → c(0)Q I + c(1)Q y2t /3 diag(↑1,↑1, 2)

cu → c(0)u I + c(1)u y2t /3 diag(↑1,↑1, 2)

cd → c(0)d I

cL → c(0)L I

ce → c(0)e I

• Assume the only source of flavor violation is the SM Yukawas. 
• Treat  as a spurion under : 

• Only 6 axions thermalize with the SM.

cΨ SU(3)Ψ

(iv) Minimal Flavor Violation Model
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MFV Axiverse

2309.13145 59

108 1010 1012 1014 1016

fa [GeV]

104

106

108

1010

1012

1014

1016
T

d
[G

eV
]

Td > fa

MFV Axiverse



MFV Axiverse

2309.13145 60

108 1010 1012 1014 1016

fa [GeV]

104

106

108

1010

1012

1014

1016
T

R
H

[G
eV

]

TRH
> fa

N
S

C
o
o
li
n
g

MFV Axiverse

HD

St
ag

e 4

SO

ACT

0.000

0.025

0.050

0.075

0.100

0.125

0.150

0.175

¢
N

eÆ



 from Oscillations?Neff
• Freeze-in  of sterile axions through mixing? 
• Analogous to Dodelson-Widrow

Neff

Stars as Laboratories for Fundamental Physics, 
Raffelt (1996) 
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 from Oscillations?Neff
• Freeze-in  of sterile axions through mixing? 
• Analogous to Dodelson-Widrow 
• Mixing important  above 

Neff

⟺ Γint < Γmix Td
Stars as Laboratories for Fundamental Physics, 

Raffelt (1996) <latexit sha1_base64="jCsYuFpTxguLDkZgowjGskTAvkM="></latexit>
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