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New physics, why?

[DESI DR2, arXiv:2503.14738]<latexit sha1_base64="1KgLyulnPEp2wgpwW5CFosql/Yw=">AAAB9XicdVDLSgMxFM34rPVVdekmWIS6GWZK7WNXdNNlBfuAdiyZNNOGJpkhySh16H+4caGIW//FnX9j2o6gogcuHM65l3vv8SNGlXacD2tldW19YzOzld3e2d3bzx0ctlUYS0xaOGSh7PpIEUYFaWmqGelGkiDuM9LxJ5dzv3NLpKKhuNbTiHgcjQQNKEbaSDeNwn2fEaUU5bB4NsjlHbvmuLXzClySaikl5Rp0bWeBPEjRHOTe+8MQx5wIjRlSquc6kfYSJDXFjMyy/ViRCOEJGpGeoQJxorxkcfUMnhplCINQmhIaLtTvEwniSk25bzo50mP125uLf3m9WAdVL6EiijUReLkoiBnUIZxHAIdUEqzZ1BCEJTW3QjxGEmFtgsqaEL4+hf+TdtF2y3b5qpSvX6RxZMAxOAEF4IIKqIMGaIIWwECCB/AEnq0769F6sV6XrStWOnMEfsB6+wT0qZIy</latexit>

H(z . 2)DESI constrains 
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[⇢DE(t) + ⇢m(t)]
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⇢̇DE(t) 6= 0

2.8-4.2 sigma evidence 

however:
<latexit sha1_base64="x3GED8aqgYeQgHYxdCyFK741VG8="></latexit>

(⇢̇DE/⇢DE)|t<tc > 0

phantom regime  

aspect A: `` evolving DE’’  

Concurrence of observational puzzles and more precise data 
should compel us to go beyond LCDM.
Hubble tension:  discrepancy between CMB (early Universe) 
and Type Ia supernovae as standard candles (late universe). A 
lot of important on-going work to solidify/clarify tension!
DESI puzzle:

 DESI spectroscopic survey maps the large-scale structure  
of the Universe; two puzzling aspects:

SNe 

CMB 

SH0ES: 
5 sigma 
tension 

73 

67 
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H0[km/sec/Mpc]

+ milder tensions and anomalies.
Opportunity to learn about the dark sector — what are the 
fundamental principles governing it?

aspect B: (mild) CMB/BAO tension  2.3 sigma 

[DESI DR2, arXiv:2503.14738]
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Resolving the tension 
requires lowering the 
sound horizon by 5-10 %.
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r̃s < rs
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unchanged! 

  shorten  
+ increase Hubble
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new model! 
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New physics, how?
 First: Use Hubble tension as guide to new physics.
 Then: Test new physics against other tensions because  
simultaneity of puzzles asks for unified solution.
 Important observable: primordial sound horizon (standard ruler)

Strategy: <latexit sha1_base64="ra+FUA67A3G9/eaw7KZa83JdpbU=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiRS+9gV3XRZ0T6gDWUynbRDJ5MwMxFK6Ce4caGIW7/InX/jtI2gogcuHM65l3vv8WPOlHacDyu3tr6xuZXfLuzs7u0fFA+POipKJKFtEvFI9nysKGeCtjXTnPZiSXHoc9r1p9cLv3tPpWKRuNOzmHohHgsWMIK1kW6bQ2dYLDl23XHrl1W0IrVyRip15NrOEiXI0BoW3wejiCQhFZpwrFTfdWLtpVhqRjidFwaJojEmUzymfUMFDqny0uWpc3RmlBEKImlKaLRUv0+kOFRqFvqmM8R6on57C/Evr5/ooOalTMSJpoKsFgUJRzpCi7/RiElKNJ8Zgolk5lZEJlhiok06BRPC16fof9K5sN2KXbkplxpXWRx5OIFTOAcXqtCAJrSgDQTG8ABP8Gxx69F6sV5XrTkrmzmGH7DePgFPXI3a</latexit>
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SNe 

CMB 
new 
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increases       prior to recombinationH(z)
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new 10-15% 
component 

 Idea: Dark radiation increases total energy before equality (and thus before recombination). 
 Challenge: Highly constrained as expansion history is modified during the CMB epoch (1eV—10eV)
 Alternative energy injection models: early phase of dark energy (e.g. AxiEDE, cold NEDE). 

<latexit sha1_base64="JozE155wd9oSDCVoMgB89UmWeeo="></latexit>

�Ne↵ = ⇢DR/⇢1,⌫
`` additional neutrinos’’ 

here: massless gauge bosons 
of dark SU(N), implying 
gauge interactions 

dark radiation: 
(i) self-interacting DR (SIDR) acts as 
perturbed fluid (not free-streaming!)

<latexit sha1_base64="mQE4TsFx1Z3lQfkpLFoTAmOUmCc="></latexit>

�mfp ⌧ [size of the universe]

(ii) no phase shift in CMB



excluded by 
BBN 

req. for DAO and 
Hubble tension 

Dark radiation from supercooling
[arXiv: 2404.07256] 

symmetric  
phase 

(i)

super-  
cooling  (ii)

phase 
transition 

re-heating 

(iii)
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0.25
time 

CMB epoch BBN epoch ``desert’’ 

<latexit sha1_base64="sM5ocQJyUSQa9YpMNCuCk2s8an0=">AAACDXicdVDLSsNAFJ3UV62vqks3g1VwITGR2seuqAuXFe0DmlIm00k7dDIJMxOhhP6AG3/FjQtF3Lp35984aSNY0QMXDufcy733uCGjUlnWp5FZWFxaXsmu5tbWNza38ts7TRlEApMGDlgg2i6ShFFOGooqRtqhIMh3GWm5o4vEb90RIWnAb9U4JF0fDTj1KEZKS738gSOGQc/xkRoKP768mZzMCQ6Pju1JL1+wzKplV8/KcEYqxZSUqtA2rSkKIEW9l/9w+gGOfMIVZkjKjm2FqhsjoShmZJJzIklChEdoQDqacuQT2Y2n30zgoVb60AuELq7gVP05ESNfyrHv6s7kSvnbS8S/vE6kvEo3pjyMFOF4tsiLGFQBTKKBfSoIVmysCcKC6lshHiKBsNIB5nQI35/C/0nz1LRLZum6WKidp3FkwR7YB0fABmVQA1egDhoAg3vwCJ7Bi/FgPBmvxtusNWOkM7tgDsb7F7OBnKI=</latexit>

⇢DS/⇢⌫,1

(ii)

<latexit sha1_base64="MyjiElygdtXvmXZ3X7XGECcAUnc=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFRKpfeyKblxWaG0hDWEymbRDJzNhZiKU0M9w40IRt36NO//GaRtBRQ9cOJxzL/feE6aMKu04H1ZpbX1jc6u8XdnZ3ds/qB4e3SmRSUz6WDAhhyFShFFO+ppqRoapJCgJGRmE0+uFP7gnUlHBe3qWEj9BY05jipE2ktcLIjhiDPYCHFRrjt123PZlE65Iq16QRhu6trNEDRToBtX3USRwlhCuMUNKea6Taj9HUlPMyLwyyhRJEZ6iMfEM5Sghys+XJ8/hmVEiGAtpimu4VL9P5ChRapaEpjNBeqJ+ewvxL8/LdNzyc8rTTBOOV4vijEEt4OJ/GFFJsGYzQxCW1NwK8QRJhLVJqWJC+PoU/k/uLmy3YTdu67XOVRFHGZyAU3AOXNAEHXADuqAPMBDgATyBZ0tbj9aL9bpqLVnFzDH4AevtE8JSkPQ=</latexit>

Td ⌧ Tc

supercooling  

<latexit sha1_base64="iD2wDmE53zA+y0oqmTk8S9DAd/o=">AAAB63icdVDLSsNAFL2pr1pfVZduBovgKiRS+9gV3bisYB/QhjKZTpqhk0mYmQil9BfcuFDErT/kzr9x0kZQ0QMXDufcy733+AlnSjvOh1VYW9/Y3Cpul3Z29/YPyodHXRWnktAOiXks+z5WlDNBO5ppTvuJpDjyOe350+vM791TqVgs7vQsoV6EJ4IFjGCdScMkZKNyxbGbjtu8rKMVaVRzUmsi13aWqECO9qj8PhzHJI2o0IRjpQauk2hvjqVmhNNFaZgqmmAyxRM6MFTgiCpvvrx1gc6MMkZBLE0JjZbq94k5jpSaRb7pjLAO1W8vE//yBqkOGt6ciSTVVJDVoiDlSMcoexyNmaRE85khmEhmbkUkxBITbeIpmRC+PkX/k+6F7dbs2m210rrK4yjCCZzCObhQhxbcQBs6QCCEB3iCZyuyHq0X63XVWrDymWP4AevtE6HYjqo=</latexit>

�

<latexit sha1_base64="jpo/B+9omBMPR/U5rRRfDI/hdL8=">AAAB7nicdVDLSsNAFL2pr1pfVZduBotQNyGR2seu6MZlBfuANpTJdNIOnUzCzEQooR/hxoUibv0ed/6N0zaCih64cDjnXu69x485U9pxPqzc2vrG5lZ+u7Czu7d/UDw86qgokYS2ScQj2fOxopwJ2tZMc9qLJcWhz2nXn14v/O49lYpF4k7PYuqFeCxYwAjWRup2yoN4ws6HxZJjNxy3cVlDK1KvZKTaQK7tLFGCDK1h8X0wikgSUqEJx0r1XSfWXoqlZoTTeWGQKBpjMsVj2jdU4JAqL12eO0dnRhmhIJKmhEZL9ftEikOlZqFvOkOsJ+q3txD/8vqJDupeykScaCrIalGQcKQjtPgdjZikRPOZIZhIZm5FZIIlJtokVDAhfH2K/iedC9ut2tXbSql5lcWRhxM4hTK4UIMm3EAL2kBgCg/wBM9WbD1aL9brqjVnZTPH8APW2ycSP49v</latexit>

V (�)

(i)

<latexit sha1_base64="aKafUjowEnafSBlCSTrYgRhj9dc=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFRKpfeyKblxWaG0hDWEymbRDJzNhZiKU0M9w40IRt36NO//GaRtBRQ9cOJxzL/feE6aMKu04H1ZpbX1jc6u8XdnZ3ds/qB4e3SmRSUz6WDAhhyFShFFO+ppqRoapJCgJGRmE0+uFP7gnUlHBe3qWEj9BY05jipE2ktcLIjgaj2EvwEG15thtx21fNuGKtOoFabShaztL1ECBblB9H0UCZwnhGjOklOc6qfZzJDXFjMwro0yRFOEpGhPPUI4Sovx8efIcnhklgrGQpriGS/X7RI4SpWZJaDoTpCfqt7cQ//K8TMctP6c8zTTheLUozhjUAi7+hxGVBGs2MwRhSc2tEE+QRFiblComhK9P4f/k7sJ2G3bjtl7rXBVxlMEJOAXnwAVN0AE3oAv6AAMBHsATeLa09Wi9WK+r1pJVzByDH7DePgGy/ZDq</latexit>

Td � Tc

symmetric phase 

<latexit sha1_base64="cxBjwKbFopUnPwpbn/3CuJEoBOo=">AAACBHicdVDLSsNAFJ3UV62vqMtuBosgLkIitW3ARdGNywr2AW0Mk+m0HTp5MDMR2tCFG3/FjQtF3PoR7vwbJ20EFT0ww+Gce7n3Hi9iVEjT/NByS8srq2v59cLG5tb2jr671xJhzDFp4pCFvOMhQRgNSFNSyUgn4gT5HiNtb3yR+u1bwgUNg2s5iYjjo2FABxQjqSRXL07dno/kiPsJJ3gGz+DUPVa/Zd7Yrl4yDdu07NMqXJBaOSMVG1qGOUcJZGi4+nuvH+LYJ4HEDAnRtcxIOgnikmJGZoVeLEiE8BgNSVfRAPlEOMn8iBk8VEofDkKuXiDhXP3ekSBfiInvqcp0YfHbS8W/vG4sBzUnoUEUSxLgxaBBzKAMYZoI7FN1uWQTRRDmVO0K8QhxhKXKraBC+LoU/k9aJ4ZVMSpX5VL9PIsjD4rgABwBC1RBHVyCBmgCDO7AA3gCz9q99qi9aK+L0pyW9eyDH9DePgH3QJcH</latexit>

zrec < z⇤ < 109

mass 
threshold

Supercooled phase transition with quick re-
heating of dark sector.
Latent heat converted into expanding 
bubbles, which dissipate into dark radiation.

Microscopic model / Hot New Early Dark Energy

visible sector: 

dark sector: 
(weakly coupled) 

<latexit sha1_base64="dUs2xzDrXXKOTcijucxGxCl4mPk="></latexit>

SU(2)L ⇥ U(1)Y ! U(1)EW
<latexit sha1_base64="XVP4hTziV6lwlPceqmtVmX0tz94=">AAAB+nicdVDLSgMxFM34rPU11aWbYBHahUOmSKfuim5cSUX7gLaUTJppQzOZIckoZeynuHGhiFu/xJ1/Y/oQVPTAhcM593LvPX7MmdIIfVhLyyura+uZjezm1vbOrp3ba6gokYTWScQj2fKxopwJWtdMc9qKJcWhz2nTH51P/eYtlYpF4kaPY9oN8UCwgBGsjdSzc9f1wmURdnQEp+zYLfbsPHK8UwMPIqeCECq5C4I86DpohjxYoNaz3zv9iCQhFZpwrFTbRbHuplhqRjidZDuJojEmIzygbUMFDqnqprPTJ/DIKH0YRNKU0HCmfp9IcajUOPRNZ4j1UP32puJfXjvRQaWbMhEnmgoyXxQkHJpHpznAPpOUaD42BBPJzK2QDLHERJu0siaEr0/h/6RRctyyU746yVfPFnFkwAE4BAXgAg9UwQWogTog4A48gCfwbN1bj9aL9TpvXbIWM/vgB6y3T0Jrkhc=</latexit>

SU(N) ! SU(N � 1)

`Higgs mechanism’ 

`dark Higgs + softly broken 
classical conformal symmetry’ 

250 GeV 

< MeV 

crossover 

supercooled  
first order 

<latexit sha1_base64="WBrDjDJ63bd2pLipBBCYuVhPNpA=">AAACAXicdVDJSgNBEO2JW4xb1IvgpTEI8RJmJGY5CEE9eJIIZoFMCD2dmqRJz0J3jxCGePFXvHhQxKt/4c2/sZOMoKIPCh7vVVFVzwk5k8o0P4zUwuLS8kp6NbO2vrG5ld3eacogEhQaNOCBaDtEAmc+NBRTHNqhAOI5HFrO6Hzqt25BSBb4N2ocQtcjA5+5jBKlpV52L39qXwBXBF/1bI+oofBicN3JUS+bMwtV06qelPGcVIoJKVWxVTBnyKEE9V723e4HNPLAV5QTKTuWGapuTIRilMMkY0cSQkJHZAAdTX3igezGsw8m+FArfewGQpev8Ez9PhETT8qx5+jO6ZHytzcV//I6kXIr3Zj5YaTAp/NFbsSxCvA0DtxnAqjiY00IFUzfiumQCEKVDi2jQ/j6FP9PmscFq1QoXRdztbMkjjTaRwcojyxURjV0ieqogSi6Qw/oCT0b98aj8WK8zltTRjKzi37AePsEEfiWtQ==</latexit>

(= �Ne↵)

(iii)
phase transition 

<latexit sha1_base64="jtO0gNXDfnpkuV+v7oWMwQnfkRw=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFRLRPnZFNy5bsA9oQ5lMb9qxk0mYmRRK6Be4caGIWz/JnX/jtI2gogcuHM65l3vv8WPOlHacDyu3tr6xuZXfLuzs7u0fFA+P2ipKJIUWjXgkuz5RwJmAlmaaQzeWQEKfQ8ef3Cz8zhSkYpG407MYvJCMBAsYJdpIzemgWHLsmuPWrip4RaqXGSnXsGs7S5RQhsag+N4fRjQJQWjKiVI914m1lxKpGeUwL/QTBTGhEzKCnqGChKC8dHnoHJ8ZZYiDSJoSGi/V7xMpCZWahb7pDIkeq9/eQvzL6yU6qHopE3GiQdDVoiDhWEd48TUeMglU85khhEpmbsV0TCSh2mRTMCF8fYr/J+0L2y3b5eZlqX6dxZFHJ+gUnSMXVVAd3aIGaiGKAD2gJ/Rs3VuP1ov1umrNWdnMMfoB6+0TcZCNZQ==</latexit>v

<latexit sha1_base64="uL5RQHB3ZVMtxA3xQpfG9V+7W8M=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgaZkNko23oB48RjAPSJYwO5lNhsw+nJkVwpKf8OJBEa/+jjf/xkmygooWNBRV3XR3+YngSmP8YRVWVtfWN4qbpa3tnd298v5BW8WppKxFYxHLrk8UEzxiLc21YN1EMhL6gnX8yeXc79wzqXgc3eppwryQjCIecEq0kbr9KyY0Qe1BuYJt99zARdiuY4yrTk6wixwbL1CBHM1B+b0/jGkaskhTQZTqOTjRXkak5lSwWamfKpYQOiEj1jM0IiFTXra4d4ZOjDJEQSxNRRot1O8TGQmVmoa+6QyJHqvf3lz8y+ulOqh7GY+SVLOILhcFqUA6RvPn0ZBLRrWYGkKo5OZWRMdEEqpNRCUTwten6H/SrtpOza7dnFUaF3kcRTiCYzgFB1xowDU0oQUUBDzAEzxbd9aj9WK9LlsLVj5zCD9gvX0C1NmP3Q==</latexit>

�V

<latexit sha1_base64="jtO0gNXDfnpkuV+v7oWMwQnfkRw=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFRLRPnZFNy5bsA9oQ5lMb9qxk0mYmRRK6Be4caGIWz/JnX/jtI2gogcuHM65l3vv8WPOlHacDyu3tr6xuZXfLuzs7u0fFA+P2ipKJIUWjXgkuz5RwJmAlmaaQzeWQEKfQ8ef3Cz8zhSkYpG407MYvJCMBAsYJdpIzemgWHLsmuPWrip4RaqXGSnXsGs7S5RQhsag+N4fRjQJQWjKiVI914m1lxKpGeUwL/QTBTGhEzKCnqGChKC8dHnoHJ8ZZYiDSJoSGi/V7xMpCZWahb7pDIkeq9/eQvzL6yU6qHopE3GiQdDVoiDhWEd48TUeMglU85khhEpmbsV0TCSh2mRTMCF8fYr/J+0L2y3b5eZlqX6dxZFHJ+gUnSMXVVAd3aIGaiGKAD2gJ/Rs3VuP1ov1umrNWdnMMfoB6+0TcZCNZQ==</latexit>v



5.7 sigma tension

early 
Universe

How well does it work?

LCDM:  The early universe value is in-
compatible with the local value.
SIDR from supercooled phase transition:  
The tension is weakened but not resolved.  
 
 

Problem: Too strong gravitational potential 
for pre-equality modes.

 Implement self-interacting dark radiation (SIDR) in CLASS to simulate modified expansion history.

[arXiv:2508.03795], see also  
[Schöneberg++,2306.12469] and [Allali++,2305.14166]

Horizon entry 

time 
<latexit sha1_base64="GxaehWq/IfyfMnkpK8r2dsZJbDM=">AAAB83icdVDLSsNAFL2pr1pfVZduBovgKiRS+9gV3bisYB/QhDKZTtuhM0mYmQgl9DfcuFDErT/jzr9x0kZQ0QMDh3Pu5Z45QcyZ0o7zYRXW1jc2t4rbpZ3dvf2D8uFRV0WJJLRDIh7JfoAV5SykHc00p/1YUiwCTnvB7Drze/dUKhaFd3oeU1/gScjGjGBtJA8PPYH1VIpULIblimM3Hbd5WUcr0qjmpNZEru0sUYEc7WH53RtFJBE01IRjpQauE2s/xVIzwumi5CWKxpjM8IQODA2xoMpPl5kX6MwoIzSOpHmhRkv1+0aKhVJzEZjJLKH67WXiX94g0eOGn7IwTjQNyerQOOFIRygrAI2YpETzuSGYSGayIjLFEhNtaiqZEr5+iv4n3Qvbrdm122qldZXXUYQTOIVzcKEOLbiBNnSAQAwP8ATPVmI9Wi/W62q0YOU7x/AD1tsnEv+SZw==</latexit>am <latexit sha1_base64="kXChWruybX78Tqy57KDrjSiM+W0=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgapiR2seu6MZlBfuAdiyZNNOGZjJDklHK0P9w40IRt/6LO//GtB1BRQ8EDufcS849fsyZ0o7zYeVWVtfWN/Kbha3tnd294v5BW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv+5HLud+6oVCwSN3oaUy/EI8ECRrA20i0e9EOsxzJMJSWzQbHk2HXHrZ9X0ZLUyhmp1JFrOwuUIENzUHzvDyOShFRowrFSPdeJtZdiqRnhdFboJ4rGmEzwiPYMFTikyksXqWfoxChDFETSPKHRQv2+keJQqWnom8l5RvXbm4t/eb1EBzUvZSJONBVk+VGQcKQjNK8ADZk5VvOpIZhIZrIiMsYSE22KKpgSvi5F/5P2me1W7Mp1udS4yOrIwxEcwym4UIUGXEETWkBAwgM8wbN1bz1aL9brcjRnZTuH8APW2yeeDpNI</latexit>arec

<latexit sha1_base64="/IqUD6FVYYx2QYtLtEb3jQSOo+I=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKiSifeyKblxWsA9oQphMp+3QySTMTIol5FfcuFDErT/izr9x0kZQ0QMDh3Pu5Z45QcyoVLb9YZTW1jc2t8rblZ3dvf0D87Dak1EiMOniiEViECBJGOWkq6hiZBALgsKAkX4wu879/pwISSN+pxYx8UI04XRMMVJa8s2q25lS3w2RmoownQg0z3yzZlst22ldNuCKNC8KUm9Bx7KXqIECHd98d0cRTkLCFWZIyqFjx8pLkVAUM5JV3ESSGOEZmpChphyFRHrpMnsGT7UyguNI6McVXKrfN1IUSrkIAz2Zh5S/vVz8yxsmatz0UsrjRBGOV4fGCYMqgnkRcEQFwYotNEFYUJ0V4ikSCCtdV0WX8PVT+D/pnVtO3arfXtTaV0UdZXAMTsAZcEADtMEN6IAuwOAePIAn8GxkxqPxYryuRktGsXMEfsB4+wQjE5Uz</latexit>

�grav

<latexit sha1_base64="dEXRDfyOLBWATIGfxl8+El2A+Nc=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgadkVzeMW9OIxgnlAsoTZyWwyZGZ2nZkVQshPePGgiFd/x5t/4yRZQUULGoqqbrq7woQzbTzvw8mtrK6tb+Q3C1vbO7t7xf2Dlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh+Grut++p0iyWt2aS0EDgoWQRI9hYqdOLBR3ivugXS55b8/zaRQUtSfU8I+Ua8l1vgRJkaPSL771BTFJBpSEca931vcQEU6wMI5zOCr1U0wSTMR7SrqUSC6qD6eLeGTqxygBFsbIlDVqo3yemWGg9EaHtFNiM9G9vLv7ldVMTVYMpk0lqqCTLRVHKkYnR/Hk0YIoSwyeWYKKYvRWREVaYGBtRwYbw9Sn6n7TOXL/slm/OS/XLLI48HMExnIIPFajDNTSgCQQ4PMATPDt3zqPz4rwuW3NONnMIP+C8fQKi1pBm</latexit>!m

 Idea:  Prevent dark matter from clumping too much by introducing a radiation drag force.

3.0 sigma tension

SIDR

local value 
(SH0ES)

<latexit sha1_base64="ra+FUA67A3G9/eaw7KZa83JdpbU=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiRS+9gV3XRZ0T6gDWUynbRDJ5MwMxFK6Ce4caGIW7/InX/jtI2gogcuHM65l3vv8WPOlHacDyu3tr6xuZXfLuzs7u0fFA+POipKJKFtEvFI9nysKGeCtjXTnPZiSXHoc9r1p9cLv3tPpWKRuNOzmHohHgsWMIK1kW6bQ2dYLDl23XHrl1W0IrVyRip15NrOEiXI0BoW3wejiCQhFZpwrFTfdWLtpVhqRjidFwaJojEmUzymfUMFDqny0uWpc3RmlBEKImlKaLRUv0+kOFRqFvqmM8R6on57C/Evr5/ooOalTMSJpoKsFgUJRzpCi7/RiElKNJ8Zgolk5lZEJlhiok06BRPC16fof9K5sN2KXbkplxpXWRx5OIFTOAcXqtCAJrSgDQTG8ABP8Gxx69F6sV5XrTkrmzmGH7DePgFPXI3a</latexit>

H0 10% 
<latexit sha1_base64="dEXRDfyOLBWATIGfxl8+El2A+Nc=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgadkVzeMW9OIxgnlAsoTZyWwyZGZ2nZkVQshPePGgiFd/x5t/4yRZQUULGoqqbrq7woQzbTzvw8mtrK6tb+Q3C1vbO7t7xf2Dlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh+Grut++p0iyWt2aS0EDgoWQRI9hYqdOLBR3ivugXS55b8/zaRQUtSfU8I+Ua8l1vgRJkaPSL771BTFJBpSEca931vcQEU6wMI5zOCr1U0wSTMR7SrqUSC6qD6eLeGTqxygBFsbIlDVqo3yemWGg9EaHtFNiM9G9vLv7ldVMTVYMpk0lqqCTLRVHKkYnR/Hk0YIoSwyeWYKKYvRWREVaYGBtRwYbw9Sn6n7TOXL/slm/OS/XLLI48HMExnIIPFajDNTSgCQQ4PMATPDt3zqPz4rwuW3NONnMIP+C8fQKi1pBm</latexit>!m 20% <latexit sha1_base64="w/ut7qZ74VrG0bI9Be96zgAUZWA=">AAACC3icdVDLSgMxFM3UV62vqks3oUVwVWdK7WNXdNOdFewDOuOQSdM2NJkMSUYoQ/du/BU3LhRx6w+4829MH4KKHggczrmXm3OCiFGlbfvDSq2srq1vpDczW9s7u3vZ/YO2ErHEpIUFE7IbIEUYDUlLU81IN5IE8YCRTjC+mPmdWyIVFeG1nkTE42gY0gHFSBvJz+bcS06GyOcQupEUkRbQFQvlFDZ8+6YI/WzeLtRsp3ZWgQtSLS1JuQadgj1HHizR9LPvbl/gmJNQY4aU6jl2pL0ESU0xI9OMGysSITxGQ9IzNEScKC+ZZ5nCY6P04UBI80IN5+r3jQRxpSY8MJMc6ZH67c3Ev7xerAdVL6FhFGsS4sWhQcygSTwrBvapJFiziSEIS2r+CvEISYS1qS9jSvhKCv8n7WLBKRfKV6V8/XxZRxocgRw4AQ6ogDpogCZoAQzuwAN4As/WvfVovVivi9GUtdw5BD9gvX0CKpeZ4g==</latexit>

⌦m / !m/H
2
0

<latexit sha1_base64="91iMB+91PfpMEH6p0mK5AieKnXE=">AAACAHicdVDLSgNBEJz1GeMr6sGDl8EgeAq7EvM4CEEv3oxgHpCEMDvpTYbM7C4zs2JY9uKvePGgiFc/w5t/4yRZQUULGoqqbrq73JAzpW37w1pYXFpeWc2sZdc3Nre2czu7TRVEkkKDBjyQbZco4MyHhmaaQzuUQITLoeWOL6Z+6xakYoF/oych9AQZ+sxjlGgj9XP73SsBQ9IXZ11B9EiK2GN3MEj6ubxdqNpO9bSM56RSTEmpip2CPUMepaj3c+/dQUAjAb6mnCjVcexQ92IiNaMckmw3UhASOiZD6BjqEwGqF88eSPCRUQbYC6QpX+OZ+n0iJkKpiXBN5/RK9dubin95nUh7lV7M/DDS4NP5Ii/iWAd4mgYeMAlU84khhEpmbsV0RCSh2mSWNSF8fYr/J82TglMqlK6L+dp5GkcGHaBDdIwcVEY1dInqqIEoStADekLP1r31aL1Yr/PWBSud2UM/YL19AsS8lzc=</latexit>

⌦m = fixed

significant increase in 
physical matter density 

<latexit sha1_base64="Usxd5wpWCPiKeMOfcw9mOnAidrQ=">AAACInicbVDLSgMxFM34tr5GXboJFkEQyoxI1YVQtAsFFV99QKeUTHqnDc08SDJCGeZb3Pgrblwo6krwY0xrC9p6IHA45x5y73EjzqSyrE9jYnJqemZ2bj6zsLi0vGKurpVlGAsKJRryUFRdIoGzAEqKKQ7VSADxXQ4Vt3PS8yv3ICQLgzvVjaDuk1bAPEaJ0lLDPHR8otrCT27PijfpkXOuo00yFE+KFynewU4RuCL4sjHUwfPShpm1clYfeJzYA5JFA1w1zHenGdLYh0BRTqSs2Vak6gkRilEOacaJJUSEdkgLapoGxAdZT/onpnhLK03shUK/QOG++juREF/Kru/qyd6OctTrif95tVh5B/WEBVGsIKA/H3kxxyrEvb5wkwmginc1IVQwvSumbSIIVbrVjC7BHj15nJR3c3Y+l7/eyxaOB3XMoQ20ibaRjfZRAZ2iK1RCFD2gJ/SCXo1H49l4Mz5+RieMQWYd/YHx9Q0tbqQW</latexit>

SIDR = ⇤CDM+�Ne↵<latexit sha1_base64="1p2ndFsMAQp3zFX2MOfWSNwq4wc=">AAACDXicbVDLSsNAFJ34rPUVdelmsAoupE1Eqsuim26ECvYBTQiT6aQdOpPEmUmhhP6AG3/FjQtF3Lp35984abPQ1gMXDufcy733+DGjUlnWt7G0vLK6tl7YKG5ube/smnv7LRklApMmjlgkOj6ShNGQNBVVjHRiQRD3GWn7w5vMb4+IkDQK79U4Ji5H/ZAGFCOlJc88rnsWdMhDQkdwAJ0zaFuWw5EaCJ4OeUVWbmM88cySVbamgIvEzkkJ5Gh45pfTi3DCSagwQ1J2bStWboqEopiRSdFJJIkRHqI+6WoaIk6km06/mcATrfRgEAldoYJT9fdEiriUY+7rzuxQOe9l4n9eN1HBlZvSME4UCfFsUZAwqCKYRQN7VBCs2FgThAXVt0I8QAJhpQMs6hDs+ZcXSeu8bFfL1buLUu06j6MADsEROAU2uAQ1UAcN0AQYPIJn8ArejCfjxXg3PmatS0Y+cwD+wPj8Abv2miI=</latexit>

H0 ⌘ h 100km/s/Mpc

<latexit sha1_base64="YJhJfNzX5ksXV86NXEnqIid6AH4=">AAAB63icdVDLSsNAFL2pr1pfVZduBovgKiRS+1gIRTddVrAPaEOZTCft0JlJmJkIJfQX3LhQxK0/5M6/MW0jqOiBC4dz7uXee/yIM20c58PKra1vbG7ltws7u3v7B8XDo44OY0Vom4Q8VD0fa8qZpG3DDKe9SFEsfE67/vRm4XfvqdIslHdmFlFP4LFkASPYLKTpFW4OiyXHrjtu/bKKVqRWzkiljlzbWaIEGVrD4vtgFJJYUGkIx1r3XScyXoKVYYTTeWEQaxphMsVj2k+pxIJqL1neOkdnqTJCQajSkgYt1e8TCRZaz4SfdgpsJvq3txD/8vqxCWpewmQUGyrJalEQc2RCtHgcjZiixPBZSjBRLL0VkQlWmJg0nkIawten6H/SubDdil25LZca11kceTiBUzgHF6rQgCa0oA0EJvAAT/BsCevRerFeV605K5s5hh+w3j4BLmiOXg==</latexit>

k = aH

<latexit sha1_base64="eOSVK18y0x23gyfZ8kDWNYtWwPM="></latexit>

�N (SIDR)
e↵ < 0.525 (95%CL)



dark 
matter 

dark 
radiation 

(early) dark 
energy  

microscopic dark sector 

<latexit sha1_base64="T2OjnsmhDpjemUU2I98BnpE7tL4=">AAAB7XicdVDLSgNBEOyNrxhfUY9eBoPgadkVzeMW9OIxgnlAsoTZySQZMzuzzMwKYck/ePGgiFf/x5t/4yRZQUULGoqqbrq7wpgzbTzvw8mtrK6tb+Q3C1vbO7t7xf2DlpaJIrRJJJeqE2JNORO0aZjhtBMriqOQ03Y4uZr77XuqNJPi1kxjGkR4JNiQEWys1OqRMet7/WLJc2ueX7uooCWpnmekXEO+6y1QggyNfvG9N5AkiagwhGOtu74XmyDFyjDC6azQSzSNMZngEe1aKnBEdZAurp2hE6sM0FAqW8Kghfp9IsWR1tMotJ0RNmP925uLf3ndxAyrQcpEnBgqyHLRMOHISDR/HQ2YosTwqSWYKGZvRWSMFSbGBlSwIXx9iv4nrTPXL7vlm/NS/TKLIw9HcAyn4EMF6nANDWgCgTt4gCd4dqTz6Lw4r8vWnJPNHMIPOG+ftCqPQA==</latexit>�0

<latexit sha1_base64="eDOikfpR0dH/ZgBlH3NMflg5xeo=">AAAB7XicdVDLSsNAFL2pr1pfVZduBovgKiRS+9gV3bisYB/QhjKZTtppJ5MwMxFK6D+4caGIW//HnX/jtI2gogcuHM65l3vv8WPOlHacDyu3tr6xuZXfLuzs7u0fFA+P2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxp9cLv3NPpWKRuNOzmHohHgkWMIK1kdp9MmaDyaBYcuy649Yvq2hFauWMVOrItZ0lSpChOSi+94cRSUIqNOFYqZ7rxNpLsdSMcDov9BNFY0ymeER7hgocUuWly2vn6MwoQxRE0pTQaKl+n0hxqNQs9E1niPVY/fYW4l9eL9FBzUuZiBNNBVktChKOdIQWr6Mhk5RoPjMEE8nMrYiMscREm4AKJoSvT9H/pH1huxW7clsuNa6yOPJwAqdwDi5UoQE30IQWEJjAAzzBsxVZj9aL9bpqzVnZzDH8gPX2CQwhj3o=</latexit>�j

<latexit sha1_base64="LxWEGekI79UgMti63APpuwuZkZU=">AAAB63icdVDLSsNAFL2pr1pfVZduBovgKiRS+9gV3bisYB/QhjKZTtqhk0mYmQgl9BfcuFDErT/kzr9x0kZQ0QMXDufcy733+DFnSjvOh1VYW9/Y3Cpul3Z29/YPyodHXRUlktAOiXgk+z5WlDNBO5ppTvuxpDj0Oe35s+vM791TqVgk7vQ8pl6IJ4IFjGCdSag7ckblimM3Hbd5WUcr0qjmpNZEru0sUYEc7VH5fTiOSBJSoQnHSg1cJ9ZeiqVmhNNFaZgoGmMywxM6MFTgkCovXd66QGdGGaMgkqaERkv1+0SKQ6XmoW86Q6yn6reXiX95g0QHDS9lIk40FWS1KEg40hHKHkdjJinRfG4IJpKZWxGZYomJNvGUTAhfn6L/SffCdmt27bZaaV3lcRThBE7hHFyoQwtuoA0dIDCFB3iCZyu0Hq0X63XVWrDymWP4AevtE7p4jhI=</latexit>

V0

<latexit sha1_base64="7HhvVXF5KwCQhCBReM1XgWi85j8=">AAAB7XicdVDLSsNAFL2pr1pfVZduBovgKiSifeyKblxWsA9oQ5lMJ83YSSbMTIQS+g9uXCji1v9x5984bSOo6IELh3Pu5d57/IQzpR3nwyqsrK6tbxQ3S1vbO7t75f2DjhKpJLRNBBey52NFOYtpWzPNaS+RFEc+p11/cjX3u/dUKibiWz1NqBfhccwCRrA2UiccDpKQDcsVx244buOihpakfp6TagO5trNABXK0huX3wUiQNKKxJhwr1XedRHsZlpoRTmelQapogskEj2nf0BhHVHnZ4toZOjHKCAVCmoo1WqjfJzIcKTWNfNMZYR2q395c/MvrpzqoexmLk1TTmCwXBSlHWqD562jEJCWaTw3BRDJzKyIhlphoE1DJhPD1KfqfdM5st2pXb84rzcs8jiIcwTGcggs1aMI1tKANBO7gAZ7g2RLWo/VivS5bC1Y+cwg/YL19Ahzsj4U=</latexit>

h�

<latexit sha1_base64="0I5tGjnkzLMOWmg6QGfhsdLg0oE=">AAAB7nicdVDLSsNAFL2pr1pfVZduBovgKiRS+9hV3bisYB/QxjKZTtqhM0mYmQgl9CPcuFDErd/jzr9x2kZQ0QMXDufcy733+DFnSjvOh5VbWV1b38hvFra2d3b3ivsHbRUlktAWiXgkuz5WlLOQtjTTnHZjSbHwOe34k6u537mnUrEovNXTmHoCj0IWMIK1kToXd3jQF8mgWHLsuuPWz6toSWrljFTqyLWdBUqQoTkovveHEUkEDTXhWKme68TaS7HUjHA6K/QTRWNMJnhEe4aGWFDlpYtzZ+jEKEMURNJUqNFC/T6RYqHUVPimU2A9Vr+9ufiX10t0UPNSFsaJpiFZLgoSjnSE5r+jIZOUaD41BBPJzK2IjLHERJuECiaEr0/R/6R9ZrsVu3JTLjUuszjycATHcAouVKEB19CEFhCYwAM8wbMVW4/Wi/W6bM1Z2cwh/ID19gmZgI/I</latexit>

Aa
µ

Dark Radiation-Matter Decoupling 
 Idea: A fraction of dark matter is a heavy fermion in the fundamental of SU(N), i.e. carries dark charge 
[arXiv:2508.03795].

phase 
transition 

DR-DM 
decoupling 

Boltzmann 
suppression   

loop-induced 
DM mass 
splitting   

<latexit sha1_base64="DQscIGYhYHAx0OC5XLu9ajzTzjw=">AAACBXicdVDLSgMxFM3UV62vqktdBItQN2OmlbbuirpwWcHWQmcsmTTThiYzQ5IplNKNG3/FjQtF3PoP7vwb04egogcuHM65l3vv8WPOlEbow0otLC4tr6RXM2vrG5tb2e2dhooSSWidRDySTR8ryllI65ppTpuxpFj4nN74/fOJfzOgUrEovNbDmHoCd0MWMIK1kdrZffeCco2hgK5iAnZvi3BwnC8WoBuzo3Y2h+zyqUEZIruCECo4c4LK0LHRFDkwR62dfXc7EUkEDTXhWKmWg2LtjbDUjHA6zriJojEmfdylLUNDLKjyRtMvxvDQKB0YRNJUqOFU/T4xwkKpofBNp8C6p357E/Evr5XooOKNWBgnmoZktihIONQRnEQCO0xSovnQEEwkM7dC0sMSE22Cy5gQvj6F/5NGwXZKdunqJFc9m8eRBnvgAOSBA8qgCi5BDdQBAXfgATyBZ+veerRerNdZa8qaz+yCH7DePgFg1Zaa</latexit>

�m ⇠ g3v/(32⇡)

CDM 

SIDR 

DE 

<latexit sha1_base64="a3hskWs8Aeb2wG4T2ejQxNlH8lU=">AAAB9HicdVDLSsNAFL2pr1pfVZduBovgKiSifeyKblxW6AvaUCbTSTt0Mokzk0IJ/Q43LhRx68e482+cthFU9MCFwzn3cu89fsyZ0o7zYeXW1jc2t/LbhZ3dvf2D4uFRW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv+5Gbhd6ZUKhaJpp7F1AvxSLCAEayN5DUHBKG+YiEaoemgWHLsmuPWripoRaqXGSnXkGs7S5QgQ2NQfO8PI5KEVGjCsVI914m1l2KpGeF0XugnisaYTPCI9gwVOKTKS5dHz9GZUYYoiKQpodFS/T6R4lCpWeibzhDrsfrtLcS/vF6ig6qXMhEnmgqyWhQkHOkILRJAQyYp0XxmCCaSmVsRGWOJiTY5FUwIX5+i/0n7wnbLdvnuslS/zuLIwwmcwjm4UIE63EIDWkDgHh7gCZ6tqfVovVivq9aclc0cww9Yb5/G/ZF/</latexit>

Tc ⇠ gv

<latexit sha1_base64="R/+ek+ydKQVdlFgZxkwIOAdN1E8=">AAAB8XicdVDLSgMxFL1TX7W+qi7dBIvgapiR2seu6MZlBfvAzlAyadqGZjJDkimUoX/hxoUibv0bd/6NaTuCih4IHM65l9xzgpgzpR3nw8qtrW9sbuW3Czu7e/sHxcOjtooSSWiLRDyS3QArypmgLc00p91YUhwGnHaCyfXC70ypVCwSd3oWUz/EI8GGjGBtpHsvHjPk6QhN+8WSY9cdt35ZRStSK2ekUkeu7SxRggzNfvHdG0QkCanQhGOleq4Taz/FUjPC6bzgJYrGmEzwiPYMFTikyk+XF8/RmVEGaBhJ84RGS/X7RopDpWZhYCZDrMfqt7cQ//J6iR7W/JSJONFUkNVHw4QjE3ERHw2YpETzmSGYSGZuRWSMJSbalFQwJXwlRf+T9oXtVuzKbbnUuMrqyMMJnMI5uFCFBtxAE1pAQMADPMGzpaxH68V6XY3mrGznGH7AevsEhRqQ2w==</latexit>

� ! v

<latexit sha1_base64="zno7pNIpBbDQHI4nlU00t0etHvY=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBDiwWVXYh63oBdPEtFNAskSZiezyZDZBzOzQljyEV48KOLV7/Hm3zhJVlDRgoaiqpvuLi/mTCrL+jCWlldW19ZzG/nNre2d3cLefktGiSDUIRGPRMfDknIWUkcxxWknFhQHHqdtb3w589v3VEgWhXdqElM3wMOQ+YxgpaX2rVO6PrVP+oWiZdYtu35eRQtSK2ekUke2ac1RhAzNfuG9N4hIEtBQEY6l7NpWrNwUC8UIp9N8L5E0xmSMh7SraYgDKt10fu4UHWtlgPxI6AoVmqvfJ1IcSDkJPN0ZYDWSv72Z+JfXTZRfc1MWxomiIVks8hOOVIRmv6MBE5QoPtEEE8H0rYiMsMBE6YTyOoSvT9H/pHVm2hWzclMuNi6yOHJwCEdQAhuq0IAraIIDBMbwAE/wbMTGo/FivC5al4xs5gB+wHj7BCAfjtA=</latexit>

SU(N � 1)
<latexit sha1_base64="TOXEAKmkebLkKe0ug6txorMm5AY=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBahXkIitR+3ohdPUtG0hTaUzXbbLt1swu5GKKW/wYsHRbz6g7z5b9y2EVT0wcDjvRlm5gUxZ0o7zoeVWVldW9/Ibua2tnd29/L7B00VJZJQj0Q8ku0AK8qZoJ5mmtN2LCkOA05bwfhy7rfuqVQsEnd6ElM/xEPBBoxgbSTv1iten/byBceuOW7tvIKWpFpKSbmGXNtZoAApGr38e7cfkSSkQhOOleq4Tqz9KZaaEU5nuW6iaIzJGA9px1CBQ6r86eLYGToxSh8NImlKaLRQv09McajUJAxMZ4j1SP325uJfXifRg6o/ZSJONBVkuWiQcKQjNP8c9ZmkRPOJIZhIZm5FZIQlJtrkkzMhfH2K/ifNM9st2+WbUqF+kcaRhSM4hiK4UIE6XEEDPCDA4AGe4NkS1qP1Yr0uWzNWOnMIP2C9fQJE945e</latexit>

SU(N)

<latexit sha1_base64="Ujo+IDNtISXDU2TI6SCZJRp0aIM=">AAAB63icdVDLSsNAFL2pr1pfVZduBovgKiRS+9gV3bisYB/QhjKZTpqhk0mYmQil9BfcuFDErT/kzr9x0kZQ0QMXDufcy733+AlnSjvOh1VYW9/Y3Cpul3Z29/YPyodHXRWnktAOiXks+z5WlDNBO5ppTvuJpDjyOe350+vM791TqVgs7vQsoV6EJ4IFjGCdSUMSslG54thNx21e1tGKNKo5qTWRaztLVCBHe1R+H45jkkZUaMKxUgPXSbQ3x1IzwumiNEwVTTCZ4gkdGCpwRJU3X966QGdGGaMglqaERkv1+8QcR0rNIt90RliH6reXiX95g1QHDW/ORJJqKshqUZBypGOUPY7GTFKi+cwQTCQztyISYomJNvGUTAhfn6L/SffCdmt27bZaaV3lcRThBE7hHFyoQwtuoA0dIBDCAzzBsxVZj9aL9bpqLVj5zDH8gPX2CY4Kjp0=</latexit>�

d
ar

k
 f

o
rc

e 

<latexit sha1_base64="GNcGpCJS21ygQ9W/n+54FExPrDQ=">AAAB7nicdVDLSsNAFL2pr1pfVZduBovgKiSifexa3bisYB/QxjKZTtqhM0mYmQgl9CPcuFDErd/jzr9x2kZQ0QMXDufcy733+DFnSjvOh5VbWV1b38hvFra2d3b3ivsHbRUlktAWiXgkuz5WlLOQtjTTnHZjSbHwOe34k6u537mnUrEovNXTmHoCj0IWMIK1kTqNu8agL5JBseTYNcetXVTQklTPM1KuIdd2FihBhuag+N4fRiQRNNSEY6V6rhNrL8VSM8LprNBPFI0xmeAR7RkaYkGVly7OnaETowxREElToUYL9ftEioVSU+GbToH1WP325uJfXi/RQdVLWRgnmoZkuShIONIRmv+OhkxSovnUEEwkM7ciMsYSE20SKpgQvj5F/5P2me2W7fLNeal+mcWRhyM4hlNwoQJ1uIYmtIDABB7gCZ6t2Hq0XqzXZWvOymYO4Qest09ogI+o</latexit>

AA
µ

<latexit sha1_base64="ST7+LiI/WJGWFjFfwKdMqAJi2G8=">AAAB/XicdVDLSsNAFJ34rPUVHzs3g0WoCCGR2seuqAuXFWxaaEKYTCft0MmDmYlQQ/FX3LhQxK3/4c6/cdpGUNEDFw7n3Mu99/gJo0Ka5oe2sLi0vLJaWCuub2xubes7u7aIU45JG8cs5l0fCcJoRNqSSka6CSco9Bnp+KOLqd+5JVzQOLqR44S4IRpENKAYSSV5+r5zSZhE0C47yZAewxNoe6anl0yjYVqNsxqck3olJ9UGtAxzhhLI0fL0d6cf4zQkkcQMCdGzzES6GeKSYkYmRScVJEF4hAakp2iEQiLcbHb9BB4ppQ+DmKuKJJyp3ycyFAoxDn3VGSI5FL+9qfiX10tlUHczGiWpJBGeLwpSBmUMp1HAPuUESzZWBGFO1a0QDxFHWKrAiiqEr0/h/8Q+NayqUb2ulJrneRwFcAAOQRlYoAaa4Aq0QBtgcAcewBN41u61R+1Fe523Lmj5zB74Ae3tE0LFk9g=</latexit>

�V (�) + V0

<latexit sha1_base64="T2OjnsmhDpjemUU2I98BnpE7tL4=">AAAB7XicdVDLSgNBEOyNrxhfUY9eBoPgadkVzeMW9OIxgnlAsoTZySQZMzuzzMwKYck/ePGgiFf/x5t/4yRZQUULGoqqbrq7wpgzbTzvw8mtrK6tb+Q3C1vbO7t7xf2DlpaJIrRJJJeqE2JNORO0aZjhtBMriqOQ03Y4uZr77XuqNJPi1kxjGkR4JNiQEWys1OqRMet7/WLJc2ueX7uooCWpnmekXEO+6y1QggyNfvG9N5AkiagwhGOtu74XmyDFyjDC6azQSzSNMZngEe1aKnBEdZAurp2hE6sM0FAqW8Kghfp9IsWR1tMotJ0RNmP925uLf3ndxAyrQcpEnBgqyHLRMOHISDR/HQ2YosTwqSWYKGZvRWSMFSbGBlSwIXx9iv4nrTPXL7vlm/NS/TKLIw9HcAyn4EMF6nANDWgCgTt4gCd4dqTz6Lw4r8vWnJPNHMIPOG+ftCqPQA==</latexit>�0

<latexit sha1_base64="eDOikfpR0dH/ZgBlH3NMflg5xeo=">AAAB7XicdVDLSsNAFL2pr1pfVZduBovgKiRS+9gV3bisYB/QhjKZTtppJ5MwMxFK6D+4caGIW//HnX/jtI2gogcuHM65l3vv8WPOlHacDyu3tr6xuZXfLuzs7u0fFA+P2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxp9cLv3NPpWKRuNOzmHohHgkWMIK1kdp9MmaDyaBYcuy649Yvq2hFauWMVOrItZ0lSpChOSi+94cRSUIqNOFYqZ7rxNpLsdSMcDov9BNFY0ymeER7hgocUuWly2vn6MwoQxRE0pTQaKl+n0hxqNQs9E1niPVY/fYW4l9eL9FBzUuZiBNNBVktChKOdIQWr6Mhk5RoPjMEE8nMrYiMscREm4AKJoSvT9H/pH1huxW7clsuNa6yOPJwAqdwDi5UoQE30IQWEJjAAzzBsxVZj9aL9bpqzVnZzDH8gPX2CQwhj3o=</latexit>�j

<latexit sha1_base64="LxWEGekI79UgMti63APpuwuZkZU=">AAAB63icdVDLSsNAFL2pr1pfVZduBovgKiRS+9gV3bisYB/QhjKZTtqhk0mYmQgl9BfcuFDErT/kzr9x0kZQ0QMXDufcy733+DFnSjvOh1VYW9/Y3Cpul3Z29/YPyodHXRUlktAOiXgk+z5WlDNBO5ppTvuxpDj0Oe35s+vM791TqVgk7vQ8pl6IJ4IFjGCdSag7ckblimM3Hbd5WUcr0qjmpNZEru0sUYEc7VH5fTiOSBJSoQnHSg1cJ9ZeiqVmhNNFaZgoGmMywxM6MFTgkCovXd66QGdGGaMgkqaERkv1+0SKQ6XmoW86Q6yn6reXiX95g0QHDS9lIk40FWS1KEg40hHKHkdjJinRfG4IJpKZWxGZYomJNvGUTAhfn6L/SffCdmt27bZaaV3lcRThBE7hHFyoQwtuoA0dIDCFB3iCZyu0Hq0X63XVWrDymWP4AevtE7p4jhI=</latexit>

V0

<latexit sha1_base64="0I5tGjnkzLMOWmg6QGfhsdLg0oE=">AAAB7nicdVDLSsNAFL2pr1pfVZduBovgKiRS+9hV3bisYB/QxjKZTtqhM0mYmQgl9CPcuFDErd/jzr9x2kZQ0QMXDufcy733+DFnSjvOh5VbWV1b38hvFra2d3b3ivsHbRUlktAWiXgkuz5WlLOQtjTTnHZjSbHwOe34k6u537mnUrEovNXTmHoCj0IWMIK1kToXd3jQF8mgWHLsuuPWz6toSWrljFTqyLWdBUqQoTkovveHEUkEDTXhWKme68TaS7HUjHA6K/QTRWNMJnhEe4aGWFDlpYtzZ+jEKEMURNJUqNFC/T6RYqHUVPimU2A9Vr+9ufiX10t0UPNSFsaJpiFZLgoSjnSE5r+jIZOUaD41BBPJzK2IjLHERJuECiaEr0/R/6R9ZrsVu3JTLjUuszjycATHcAouVKEB19CEFhCYwAM8wbMVW4/Wi/W6bM1Z2cwh/ID19gmZgI/I</latexit>

Aa
µ

<latexit sha1_base64="T2OjnsmhDpjemUU2I98BnpE7tL4=">AAAB7XicdVDLSgNBEOyNrxhfUY9eBoPgadkVzeMW9OIxgnlAsoTZySQZMzuzzMwKYck/ePGgiFf/x5t/4yRZQUULGoqqbrq7wpgzbTzvw8mtrK6tb+Q3C1vbO7t7xf2DlpaJIrRJJJeqE2JNORO0aZjhtBMriqOQ03Y4uZr77XuqNJPi1kxjGkR4JNiQEWys1OqRMet7/WLJc2ueX7uooCWpnmekXEO+6y1QggyNfvG9N5AkiagwhGOtu74XmyDFyjDC6azQSzSNMZngEe1aKnBEdZAurp2hE6sM0FAqW8Kghfp9IsWR1tMotJ0RNmP925uLf3ndxAyrQcpEnBgqyHLRMOHISDR/HQ2YosTwqSWYKGZvRWSMFSbGBlSwIXx9iv4nrTPXL7vlm/NS/TKLIw9HcAyn4EMF6nANDWgCgTt4gCd4dqTz6Lw4r8vWnJPNHMIPOG+ftCqPQA==</latexit>�0

<latexit sha1_base64="0I5tGjnkzLMOWmg6QGfhsdLg0oE=">AAAB7nicdVDLSsNAFL2pr1pfVZduBovgKiRS+9hV3bisYB/QxjKZTtqhM0mYmQgl9CPcuFDErd/jzr9x2kZQ0QMXDufcy733+DFnSjvOh5VbWV1b38hvFra2d3b3ivsHbRUlktAWiXgkuz5WlLOQtjTTnHZjSbHwOe34k6u537mnUrEovNXTmHoCj0IWMIK1kToXd3jQF8mgWHLsuuPWz6toSWrljFTqyLWdBUqQoTkovveHEUkEDTXhWKme68TaS7HUjHA6K/QTRWNMJnhEe4aGWFDlpYtzZ+jEKEMURNJUqNFC/T6RYqHUVPimU2A9Vr+9ufiX10t0UPNSFsaJpiFZLgoSjnSE5r+jIZOUaD41BBPJzK2IjLHERJuECiaEr0/R/6R9ZrsVu3JTLjUuszjycATHcAouVKEB19CEFhCYwAM8wbMVW4/Wi/W6bM1Z2cwh/ID19gmZgI/I</latexit>

Aa
µ

<latexit sha1_base64="LxWEGekI79UgMti63APpuwuZkZU=">AAAB63icdVDLSsNAFL2pr1pfVZduBovgKiRS+9gV3bisYB/QhjKZTtqhk0mYmQgl9BfcuFDErT/kzr9x0kZQ0QMXDufcy733+DFnSjvOh1VYW9/Y3Cpul3Z29/YPyodHXRUlktAOiXgk+z5WlDNBO5ppTvuxpDj0Oe35s+vM791TqVgk7vQ8pl6IJ4IFjGCdSag7ckblimM3Hbd5WUcr0qjmpNZEru0sUYEc7VH5fTiOSBJSoQnHSg1cJ9ZeiqVmhNNFaZgoGmMywxM6MFTgkCovXd66QGdGGaMgkqaERkv1+0SKQ6XmoW86Q6yn6reXiX95g0QHDS9lIk40FWS1KEg40hHKHkdjJinRfG4IJpKZWxGZYomJNvGUTAhfn6L/SffCdmt27bZaaV3lcRThBE7hHFyoQwtuoA0dIDCFB3iCZyu0Hq0X63XVWrDymWP4AevtE7p4jhI=</latexit>

V0

<latexit sha1_base64="E0tI5cmZHnGOqeHK3I4hYDTIYDY=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4GmZE+9gV3bisYB/QjiWTybShSWZIMkod+h9uXCji1n9x59+YaUdQ0QOBwzn3ck+OHzOqtON8WIWl5ZXVteJ6aWNza3unvLvXUVEiMWnjiEWy5yNFGBWkralmpBdLgrjPSNefXGR+95ZIRSNxracx8TgaCRpSjLSRbu6HA470WPI0IHg2LFccu+G4jbMaXJD6aU6qDejazhwVkKM1LL8PgggnnAiNGVKq7zqx9lIkNcWMzEqDRJEY4Qkakb6hAnGivHSeegaPjBLAMJLmCQ3n6veNFHGlptw3k1lG9dvLxL+8fqLDupdSESeaCLw4FCYM6ghmFcCASoI1mxqCsKQmK8RjJBHWpqiSKeHrp/B/0jmx3apdvTqtNM/zOorgAByCY+CCGmiCS9ACbYCBBA/gCTxbd9aj9WK9LkYLVr6zD37AevsEr9WTUw==</latexit>zdec
<latexit sha1_base64="NG7se/lrhUFB2V3L5DRWXkTtBFU=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCq2FGtI9d0Y3LCvYB7TBk0rQNTTJDkhHaoV/ixoUibv0Ud/6NmXYEFT0QOJxzL/fkhDGjSrvuh1VYW9/Y3Cpul3Z29/bL9sFhR0WJxKSNIxbJXogUYVSQtqaakV4sCeIhI91wep353XsiFY3EnZ7FxOdoLOiIYqSNFNjleTDgSE8kT2NHO4vArrhOw/UalzW4IvWLnFQb0HPcJSogRyuw3wfDCCecCI0ZUqrvubH2UyQ1xYwsSoNEkRjhKRqTvqECcaL8dBl8AU+NMoSjSJonNFyq3zdSxJWa8dBMZiHVby8T//L6iR7V/ZSKONFE4NWhUcKgjmDWAhxSSbBmM0MQltRkhXiCJMLadFUyJXz9FP5POueOV3WqtxeV5lVeRxEcgxNwBjxQA01wA1qgDTBIwAN4As/W3Hq0XqzX1WjByneOwA9Yb59wJ5Oi</latexit>zp.t.

<latexit sha1_base64="Yr7SUBmI37HDz+AdcCROokxTS5s=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgKiRS+9gV3bhswT6gDWUynbRjJ5MwMxFK6Be4caGIWz/JnX/jtI2gogcuHM65l3vv8WPOlHacDyu3tr6xuZXfLuzs7u0fFA+POipKJKFtEvFI9nysKGeCtjXTnPZiSXHoc9r1p9cLv3tPpWKRuNWzmHohHgsWMIK1kVrOsFhy7Lrj1i+raEVq5YxU6si1nSVKkKE5LL4PRhFJQio04VipvuvE2kux1IxwOi8MEkVjTKZ4TPuGChxS5aXLQ+fozCgjFETSlNBoqX6fSHGo1Cz0TWeI9UT99hbiX14/0UHNS5mIE00FWS0KEo50hBZfoxGTlGg+MwQTycytiEywxESbbAomhK9P0f+kc2G7FbvSKpcaV1kceTiBUzgHF6rQgBtoQhsIUHiAJ3i27qxH68V6XbXmrGzmGH7AevsEB3iNHw==</latexit>

0

<latexit sha1_base64="Wavk2FwofJZXtBYqCFuYFTMrCTo="></latexit>n�j

n�0

⇠ e��m/Td



<latexit sha1_base64="eOSVK18y0x23gyfZ8kDWNYtWwPM="></latexit>

�N (SIDR)
e↵ < 0.525 (95%CL)

5.7 sigma 

tension3.0 sigma 

tension

Significant progress

DRMD:  Resolves the Hubble tension with standard datasets (no SH0ES input; more about ACT later).
Having a fundamental principle (gauge symmetry + spontaneous symmetry breaking) was crucial to 
getting this far. This is a promising start!
Next: Are there any distinct signatures / motivations beyond the Hubble tension?

< 2 sigma 

`tension’!

local value 
(SH0ES)

no SH0ES 
prior

 Implement decoupling feature in CLASS code. 
 Leave fine-grained features (phase transition imprints, mass thresholds) for future.

<latexit sha1_base64="/dZNqD/Bv0fWKioMDvFmZyAJ/Mo="></latexit>

DRMD = ⇤CDM+�Ne↵ + fidm + zdec

<latexit sha1_base64="ND32UAqj8bPjb6w/N0LkKeh8eVg="></latexit>

�N (DRMD)
e↵ < 0.811 (95%CL)

[Schöneberg++,2607.13283]

[Fig.17, Planck+SPT, DESI (DR2),  
Pantheon+ but no ACT DR6]



visible sector 

dark sector 
supports dark 
sound waves 

dark radiation fraction dark matter 
tight coupling 

dark force 

Dark Acoustic Oscillations (DAO)
Consequence and distinct signature of dark sector decoupling scenario.

drag horizon (aka standard ruler) 
<latexit sha1_base64="lXdwUEw0Hq0Rjq1IO03K1+Ky+ng="></latexit>

rd =

Z drag

BB
d⌘ cs(⌘) =

Z 1

zd

dz
cs(z)

H(z)

<latexit sha1_base64="+QbuMjL1fkUilDmmHWvrX6xUDwI=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5BITduNFN24rGAf0IYwmUzaoTNJmJkIbemXuHGhiFs/xZ1/47SNoKIHLhzOuZd77wlSRqWy7Q+jsLa+sblV3C7t7O7tl82Dw45MMoFJGycsEb0AScJoTNqKKkZ6qSCIB4x0g/H1wu/eEyFpEt+pSUo8joYxjShGSku+WZ5eTv0QDiTl0LFd2zcrttWwncZFDa5IvZoTtwEdy16iAnK0fPN9ECY44yRWmCEp+46dKm+GhKKYkXlpkEmSIjxGQ9LXNEacSG+2PHwOT7USwigRumIFl+r3iRniUk54oDs5UiP521uIf3n9TEV1b0bjNFMkxqtFUcagSuAiBRhSQbBiE00QFlTfCvEICYSVzqqkQ/j6FP5POueW41rubbXSvMrjKIJjcALOgANqoAluQAu0AQYZeABP4NmYGo/Gi/G6ai0Y+cwR+AHj7RNlEpJN</latexit>

z > zd ⇠ 1060integral support: 
(early Universe!) 

`baryon’ 
acoustic wave 

<latexit sha1_base64="+wHjQ9PUlVghmKnqck0NTN/vEao=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiSifeyKblxWtA9oQ5lMJu3QySTMTIQS+gluXCji1i9y5984bSOo6IELh3Pu5d57/IQzpR3nwyqsrK6tbxQ3S1vbO7t75f2DjopTSWibxDyWPR8rypmgbc00p71EUhz5nHb9ydXc795TqVgs7vQ0oV6ER4KFjGBtpFs5DIblimM3HLdxUUNLUj/PSbWBXNtZoAI5WsPy+yCISRpRoQnHSvVdJ9FehqVmhNNZaZAqmmAywSPaN1TgiCovW5w6QydGCVAYS1NCo4X6fSLDkVLTyDedEdZj9dubi395/VSHdS9jIkk1FWS5KEw50jGa/40CJinRfGoIJpKZWxEZY4mJNumUTAhfn6L/SefMdqt29ea80rzM4yjCERzDKbhQgyZcQwvaQGAED/AEzxa3Hq0X63XZWrDymUP4AevtE94ojjg=</latexit>rd

supports sound 
waves 

radiation ‘baryons’ 
tight coupling 

e.m. force (+ gravity) 

recombination 

<latexit sha1_base64="cYK5LeDToXJIf8fmxwwlBjuTzKM=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4GmZE+9gVXdhlhb6gM5ZMmpmGJpkhySil9D/cuFDErf/izr8xbUdQ0QMXDufcy733BAmjSjvOh5VbWV1b38hvFra2d3b3ivsHHRWnEpM2jlksewFShFFB2ppqRnqJJIgHjHSD8dXc794RqWgsWnqSEJ+jSNCQYqSNdOtdI87RoAW9KIKNQbHk2DXHrV1U4JJUzzNSrkHXdhYogQzNQfHdG8Y45URozJBSfddJtD9FUlPMyKzgpYokCI9RRPqGCsSJ8qeLq2fwxChDGMbSlNBwoX6fmCKu1IQHppMjPVK/vbn4l9dPdVj1p1QkqSYCLxeFKYM6hvMI4JBKgjWbGIKwpOZWiEdIIqxNUAUTwten8H/SObPdsl2+OS/VL7M48uAIHINT4IIKqIMGaII2wECCB/AEnq1769F6sV6XrTkrmzkEP2C9fQLH/pIV</latexit>

�T � H

<latexit sha1_base64="KfTDpiVuiTkrYL1+qES/KUOpmZw="></latexit>

� $ e� $ p+

<latexit sha1_base64="5tvPN5OeNaMdkgaUJ6DSbYpMcyQ=">AAAB73icdVDLSsNAFJ3UV62vqks3g0VwFRLRPnZFF7qs0Be0odxMJ+3QmSTOTIQS+hNuXCji1t9x5984bSOo6IELh3Pu5d57/JgzpR3nw8qtrK6tb+Q3C1vbO7t7xf2DtooSSWiLRDySXR8U5SykLc00p91YUhA+px1/cjX3O/dUKhaFTT2NqSdgFLKAEdBG6vavQQgYNAfFkmPXHLd2UcFLUj3PSLmGXdtZoIQyNAbF9/4wIomgoSYclOq5Tqy9FKRmhNNZoZ8oGgOZwIj2DA1BUOWli3tn+MQoQxxE0lSo8UL9PpGCUGoqfNMpQI/Vb28u/uX1Eh1UvZSFcaJpSJaLgoRjHeH583jIJCWaTw0BIpm5FZMxSCDaRFQwIXx9iv8n7 TPbLdvl2/NS/TKLI4+O0DE6RS6qoDq6QQ3UQgRx9ICe0LN1Zz1aL9brsjVnZTOH6Aest09CYJAn</latexit>

�T

<latexit sha1_base64="8b/eU/bxj/4D1P6OGOTS7nm5rZQ=">AAACHnicdVDJSgNBEO2JW4zbqEcvjUHwFGYk6y3qxWMEs0AmDj2dnqRNz0J3jRJCvsSLv+LFgyKCJ/0bO4ugEh8UPN6roqqeFwuuwLI+jdTS8srqWno9s7G5tb1j7u41VJRIyuo0EpFseUQxwUNWBw6CtWLJSOAJ1vQG5xO/ecuk4lF4BcOYdQLSC7nPKQEtuWbh9Jq4TpBgRzAfJO/1gUgZ3WGH9rl7s1i2XDNr5SqWXSmU8IyU83NSrGA7Z02RRXPUXPPd6UY0CVgIVBCl2rYVQ2dEJHAq2DjjJIrFhA5Ij7U1DUnAVGc0fW+Mj7TSxX4kdYWAp+rPiREJlBoGnu4MCPTVX28iLvLaCfjlzoiHcQIspLNFfiIwRHiSFe5yySiIoSaESq5vxbRPJKGgE83oEL4/xf+TxknOLuaKl/ls9WweRxodoEN0jGxUQlV0gWqojii6R4/oGb0YD8aT8Wq8zVpTxnxmH/2C8fEFc9SjXQ==</latexit>

Aa
µ $ �j $ �0

dark matter  
acoustic wave 

<latexit sha1_base64="HbH2q4ABCB1NnwQu2E2Aw26+Igo=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgQkIitY9dfSzcWcE+oA1hMpm2QycPZiZiCfkVNy4UceuPuPNvnLQRVPTAwOGce7lnjhsxKqRpfmiFpeWV1bXiemljc2t7R98td0UYc0w6OGQh77tIEEYD0pFUMtKPOEG+y0jPnV5kfu+OcEHD4FbOImL7aBzQEcVIKsnRy9xJvOOhj+SE+8nl2XWaOnrFNJqm1TytwwVpVHNSa0LLMOeogBxtR38feiGOfRJIzJAQA8uMpJ0gLilmJC0NY0EihKdoTAaKBsgnwk7m2VN4qBQPjkKuXiDhXP2+kSBfiJnvqskspPjtZeJf3iCWo4ad0CCKJQnw4tAoZlCGMCsCepQTLNlMEYQ5VVkhniCOsFR1lVQJXz+F/5PuiWHVjNpNtdI6z+sogn1wAI6ABeqgBa5AG3QABvfgATyBZy3VHrUX7XUxWtDynT3wA9rbJ5JylNQ=</latexit>rd,DAOmass splitting  

DAO peak 

<latexit sha1_base64="HbH2q4ABCB1NnwQu2E2Aw26+Igo=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgQkIitY9dfSzcWcE+oA1hMpm2QycPZiZiCfkVNy4UceuPuPNvnLQRVPTAwOGce7lnjhsxKqRpfmiFpeWV1bXiemljc2t7R98td0UYc0w6OGQh77tIEEYD0pFUMtKPOEG+y0jPnV5kfu+OcEHD4FbOImL7aBzQEcVIKsnRy9xJvOOhj+SE+8nl2XWaOnrFNJqm1TytwwVpVHNSa0LLMOeogBxtR38feiGOfRJIzJAQA8uMpJ0gLilmJC0NY0EihKdoTAaKBsgnwk7m2VN4qBQPjkKuXiDhXP2+kSBfiJnvqskspPjtZeJf3iCWo4ad0CCKJQnw4tAoZlCGMCsCepQTLNlMEYQ5VVkhniCOsFR1lVQJXz+F/5PuiWHVjNpNtdI6z+sogn1wAI6ABeqgBa5AG3QABvfgATyBZy3VHrUX7XUxWtDynT3wA9rbJ5JylNQ=</latexit>rd,DAO

BAO peak 

<latexit sha1_base64="+wHjQ9PUlVghmKnqck0NTN/vEao=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiSifeyKblxWtA9oQ5lMJu3QySTMTIQS+gluXCji1i9y5984bSOo6IELh3Pu5d57/IQzpR3nwyqsrK6tbxQ3S1vbO7t75f2DjopTSWibxDyWPR8rypmgbc00p71EUhz5nHb9ydXc795TqVgs7vQ0oV6ER4KFjGBtpFs5DIblimM3HLdxUUNLUj/PSbWBXNtZoAI5WsPy+yCISRpRoQnHSvVdJ9FehqVmhNNZaZAqmmAywSPaN1TgiCovW5w6QydGCVAYS1NCo4X6fSLDkVLTyDedEdZj9dubi395/VSHdS9jIkk1FWS5KEw50jGa/40CJinRfGoIJpKZWxEZY4mJNumUTAhfn6L/SefMdqt29ea80rzM4yjCERzDKbhQgyZcQwvaQGAED/AEzxa3Hq0X63XZWrDymUP4AevtE94ojjg=</latexit>rd
<latexit sha1_base64="/CNmqTol1QGfX/mP8HgisIG4bp0=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgKiRS+9gV3bhswT6gDWUynbRjJ5MwMxFK6Be4caGIWz/JnX/jtI2gogcuHM65l3vv8WPOlHacDyu3tr6xuZXfLuzs7u0fFA+POipKJKFtEvFI9nysKGeCtjXTnPZiSXHoc9r1p9cLv3tPpWKRuNWzmHohHgsWMIK1kVpyWCw5dt1x65dVtCK1ckYqdeTazhIlyNAcFt8Ho4gkIRWacKxU33Vi7aVYakY4nRcGiaIxJlM8pn1DBQ6p8tLloXN0ZpQRCiJpSmi0VL9PpDhUahb6pjPEeqJ+ewvxL6+f6KDmpUzEiaaCrBYFCUc6Qouv0YhJSjSfGYKJZOZWRCZYYqJNNgUTwten6H/SubDdil1plUuNqyyOPJzAKZyDC1VowA00oQ0EKDzAEzxbd9aj9WK9rlpzVjZzDD9gvX0Ca4CNYQ==</latexit>r

matter correlation function 
<latexit sha1_base64="63frxCLvlfdJIPve8w46SW06TQ0=">AAAB+nicdVDLSgMxFM3UV62vqS7dBItQN0OmSKfuirpwWcE+oB1LJs20oZkHSUYtYz/FjQtF3Pol7vwb03YEFT1w4XDOvdx7jxdzJhVCH0ZuaXlldS2/XtjY3NreMYu7LRklgtAmiXgkOh6WlLOQNhVTnHZiQXHgcdr2xmczv31DhWRReKUmMXUDPAyZzwhWWuqbRXFdgb1zyhWGvTtWFkd9s4Qs50TDgciqIYQqdkaQA20LzVECGRp98703iEgS0FARjqXs2ihWboqFYoTTaaGXSBpjMsZD2tU0xAGVbjo/fQoPtTKAfiR0hQrO1e8TKQ6knASe7gywGsnf3kz8y+smyq+5KQvjRNGQLBb5CYcqgrMc4IAJShSfaIKJYPpWSEZYYKJ0WgUdwten8H/Sqlh21apeHpfqp1kcebAPDkAZ2MABdXABGqAJCLgFD+AJPBv3xqPxYrwuWnNGNrMHfsB4+wT5xZM0</latexit>

r2�⇠(r)

e.g. [F. Cyr-Racine, K. Sigurdson, 2012]



<latexit sha1_base64="dbpD00lKNIlQCevvOjWUumGEjZc=">AAACBnicdVDLSsNAFJ34rPUVdSnCYBFchaT0CV206sKdFewD2lAm02k7dPJgZiKUkJUbf8WNC0Xc+g3u/BsnbQQVPXDhcM693HuPEzAqpGl+aEvLK6tr65mN7ObW9s6uvrffFn7IMWlhn/m86yBBGPVIS1LJSDfgBLkOIx1nep74nVvCBfW9GzkLiO2isUdHFCOppIF+ZBpmvgYbg6jvIjnhbnTRuIpjWIPKKA70nGlUTataLMMFqRRSUqpCyzDnyIEUzYH+3h/6OHSJJzFDQvQsM5B2hLikmJE42w8FCRCeojHpKeohlwg7mr8RwxOlDOHI56o8Cefq94kIuULMXEd1JreK314i/uX1Qjmq2BH1glASDy8WjUIGpQ+TTOCQcoIlmymCMKfqVogniCMsVXJZFcLXp/B/0s4bVskoXRdy9bM0jgw4BMfgFFigDOrgEjRBC2BwBx7AE3jW7rVH7UV7XbQuaenMAfgB7e0T19OW3A==</latexit>

0.02 < ADAO < 0.05

<latexit sha1_base64="dD4RUjkW1jX+IyEyt/symeZwO78="></latexit>

54Mpc/h < rd,DAO < 65Mpc/h (68%C.I.)

amplitude 

DAO as a smoking gun

Planck 2018

SHOES
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<latexit sha1_base64="5/KaYbaS0p9Jtxotle9eLrwY5Gg=">AAACCHicdVDLSgMxFM3UV62vUZcuDBah3bSZWmq7EIpuuhEq2Ae0pWTStA1NZoYkI5ShSzf+ihsXirj1E9z5N6YvUNEDFw7n3Mu997gBZ0oj9GnFVlbX1jfim4mt7Z3dPXv/oK78UBJaIz73ZdPFinLm0ZpmmtNmICkWLqcNd3Q19Rt3VCrme7d6HNCOwAOP9RnB2khd+3iYuqh0UTblIATbAuuhFNFIZFX2OiCTdLprJ1EGlYrorATnJJ9bEgSdDJohCRaodu2Pds8noaCeJhwr1XJQoDsRlpoRTieJdqhogMkID2jLUA8LqjrR7JEJPDVKD/Z9acrTcKZ+n4iwUGosXNM5PVX99qbiX14r1P1iJ2JeEGrqkfmifsih9uE0FdhjkhLNx4ZgIpm5FZIhlphok13ChLD8FP5P6rmMU8gUbvLJ8uUijjg4AicgBRxwDsqgAqqgBgi4B4/gGbxYD9aT9Wq9zVtj1mLmEPyA9f4FkrCX2Q==</latexit>

h(= H0/(100km/s/Mpc))

 On-going work: Search for DAOs in full-shape data (requires non-linear power spectrum).

2D posterior 
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 matter power spectrum (momentum space) correlation function (position space) 

BAO peak 

DAO peak 

BAO wiggles 

DAO wiggles 

best-fit best-fit 

Planck data compatible with SHOES for DAO  
around 60 Mpc/h -> natural resolution of H0 tension.
Turn into prediction by including SH0ES-calibrated  
supernova data (purple dashed):  

[arXiv:2602.23895]



BAO-CMB tension (DESI puzzle B)
 Mild tension between DESI and CMB data for the LCDM model (2.3 sigma).
 Our finding: (i) DRMD resolves the tension, (ii) pulls in same direction as Hubble tension.

What about evolving dark energy (DESI puzzle A)? 

DRMDLCDM

DESI DR2 

Planck 

[arXiv:2512.15870]

[arXiv:2608.07654]

 DRMD: in addition DAO 
also bias the BAO 

extraction providing 
another early-Universe 
handle on evolving DE. 
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rd,DAO = 58+8

�10
Mpc/hlowers evidence for evolving dark energy!
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ACT DR6 and spectral running
[paper from April, arXiv:2604.26541 

 Mechanism: Running compensates small-scale suppression due to DR excess damping. 
 Important: Running and running-of-running need to be of same order!
 Possible inflationary explanation: ACT probes the end of the first act of inflation when resonant 
gauge field production kicks in.
Upshot: Both SIDR and DRMD 
are still possible resolutions.
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 ACT DR6 
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Our key results: 
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e.g. axion inflation 
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�̇/(2f� H)|pivot = 2.5

 ACT DR6 small-scale CMB data constrains fluid-like DR (SIDR) significantly. 
 However: This conclusion is very dependent on initial conditions from inflation.
 Bounds are relaxed if we allow for running and running-of-running of the spectral tilt. 
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[ACT DR6, arXiv:2503.14454]
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�N (SIDR)
e↵ < 0.13 (95%CL)

2.9 sigma evidence 

confirmation 
of caveat!

[Schöneberg++,2607.13283]



How constraint are DAO with percent-level amplitude at these scales? Not obviously excluded!  
 

On-going work:

 The Hubble tension and the BAO anomaly might be the signature of a 
supercooled phase transition that produces fluid-like dark radiation (SIDR) 
after BBN, with a possible dark matter decoupling feature (DRMD).
 Falsifiable signature of DRMD model: DAO between 50 and 70 Mpc/h.
 Such a dark radiation resolution to the Hubble tension seems to require 
spectral running at high significance (lesson from ACT DR6 data).
 Resolving the tensions is an on-going process based on both new data and 
fundamental principles. 
 Alternative model I did not talk about today (insensitive to ACT issue):  
Cold NEDE (based on a non-thermal phase transition).

Summary

[DESI, DR1, arXiv:2404.03000]

Can we generate the neutrino masses in the same transition? Possibly through inverse seesaw.  

What is future data telling us about 
the physics of the phase transition 
and the subsequent dark sector 
(threshold effects, p.t. parameters)?

[Schöneberg++,2607.13283]

[Fig.17, Planck+SPT, DESI (DR2),  
Pantheon+ (no ACT DR6)]



An early-Universe alternative to evolving DE 
Question: Is the extraction of BAO from data reliable if there are DAO similar in scale?

A reliable extraction of baryon drag horizon requires correcting for presence of DAO. 
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spectrum 

damped sinusoidal wave 
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DAO bias correction: 
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Fit improvement of                          as compared to 
The negative branch is compatible with the scale inferred from CMB and supernova data. 
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[arXiv:2512.15870]
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r2�⇠(r) galaxy correlation function 
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net shift of apparent BAO peak (to the right) 

infer late expansion 
history  

<latexit sha1_base64="BSuY7j+BadThqWY1Af0wvJ749tQ=">AAAB/XicdVDLSgMxFM34rPU1PnZugkWom2FGah/gotZNd1awD2iHIZOmbWjmQZIR2qH4K25cKOLW/3Dn35hpR1DRA4HDOfdyT44bMiqkaX5oS8srq2vrmY3s5tb2zq6+t98SQcQxaeKABbzjIkEY9UlTUslIJ+QEeS4jbXd8lfjtO8IFDfxbOQmJ7aGhTwcUI6kkRz+s56cXcOr0PCRH3Itrl9ezU0fPmUbFtCrnJbgg5UJKihVoGeYcOZCi4ejvvX6AI4/4EjMkRNcyQ2nHiEuKGZlle5EgIcJjNCRdRX3kEWHH8/QzeKKUPhwEXD1fwrn6fSNGnhATz1WTSUjx20vEv7xuJAdlO6Z+GEni48WhQcSgDGBSBexTTrBkE0UQ5lRlhXiEOMJSFZZVJXz9FP5PWmeGVTSKN4VctZbWkQFH4BjkgQVKoArqoAGaAIMpeABP4Fm71x61F+11MbqkpTsH4Ae0t0/E4JTV</latexit>

H(z < zBAO)
DESI DR2: evolving DE ? 

DAO peak 

<latexit sha1_base64="HbH2q4ABCB1NnwQu2E2Aw26+Igo=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgQkIitY9dfSzcWcE+oA1hMpm2QycPZiZiCfkVNy4UceuPuPNvnLQRVPTAwOGce7lnjhsxKqRpfmiFpeWV1bXiemljc2t7R98td0UYc0w6OGQh77tIEEYD0pFUMtKPOEG+y0jPnV5kfu+OcEHD4FbOImL7aBzQEcVIKsnRy9xJvOOhj+SE+8nl2XWaOnrFNJqm1TytwwVpVHNSa0LLMOeogBxtR38feiGOfRJIzJAQA8uMpJ0gLilmJC0NY0EihKdoTAaKBsgnwk7m2VN4qBQPjkKuXiDhXP2+kSBfiJnvqskspPjtZeJf3iCWo4ad0CCKJQnw4tAoZlCGMCsCepQTLNlMEYQ5VVkhniCOsFR1lVQJXz+F/5PuiWHVjNpNtdI6z+sogn1wAI6ABeqgBa5AG3QABvfgATyBZy3VHrUX7XUxWtDynT3wA9rbJ5JylNQ=</latexit>rd,DAO

[DESI DR2, Panth+, Planck]

<latexit sha1_base64="x3GED8aqgYeQgHYxdCyFK741VG8="></latexit>

(⇢̇DE/⇢DE)|t<tc > 0

<latexit sha1_base64="lSe/Ib5iF2CEpWugwCahGhLMnPU="></latexit>

rd,DAO = 118+9

�14
Mpc/h



small bubbles: (i) 
<latexit sha1_base64="lly/l3SyjcVExVfh8g7UnoH1++I=">AAACAnicdVDLSsNAFJ34rPUVdSVuBosggjEptY9d0U2XFewDmhgm00k7dPJgZiKUUNz4K25cKOLWr3Dn3zhtI6jogYHDOfdy5xwvZlRI0/zQFhaXlldWc2v59Y3NrW19Z7ctooRj0sIRi3jXQ4IwGpKWpJKRbswJCjxGOt7ocup3bgkXNAqv5TgmToAGIfUpRlJJrr5ve0Sis4Z7Au2YR7GM4OAmPS1OoKsXTKNmWrXzCpyTaikj5Rq0DHOGAsjQdPV3ux/hJCChxAwJ0bPMWDop4pJiRiZ5OxEkRniEBqSnaIgCIpx0FmECj5TSh37E1QslnKnfN1IUCDEOPDUZIDkUv72p+JfXS6RfdVIaxokkIZ4f8hMGVdBpH7BPOcGSjRVBmFP1V4iHiCMsVWt5VcJXUvg/aRcNq2yUr0qF+kVWRw4cgENwDCxQAXXQAE3QAhjcgQfwBJ61e+1Re9Fe56MLWrazB35Ae/sE57CWhA==</latexit>

�/H⇤ / g
�2

Hot New Early Dark Energy

<latexit sha1_base64="EW8GrOkab3TEQmt/kCRTGRFGwRo=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEVyGR2ocLKbpxWcE+oAlhMp20Q2eSMDMRSij4K25cKOLW73Dn3zhpK6jogYHDOfdyz5wgYVQq2/4wCkvLK6trxfXSxubW9o65u9eRcSowaeOYxaIXIEkYjUhbUcVILxEE8YCRbjC+yv3uHRGSxtGtmiTE42gY0ZBipLTkmwcuT32XIzUSPCNhOIUXNjz3zbJtNWyncVaDc1KvLEi1AR3LnqEMFmj55rs7iHHKSaQwQ1L2HTtRXoaEopiRaclNJUkQHqMh6WsaIU6kl83iT+GxVgYwjIV+kYIz9ftGhriUEx7oyTyo/O3l4l9eP1Vh3ctolKSKRHh+KEwZVDHMu4ADKghWbKIJwoLqrBCPkEBY6cZKuoSvn8L/SefUcqpW9aZSbl4u6iiCQ3AEToADaqAJrkELtAEGGXgAT+DZuDcejRfjdT5aMBY7++AHjLdP6hKVew==</latexit>

µe↵ > 0 :
<latexit sha1_base64="xDZDzsAXZJT+o7jBbRjdmtEgOBA=">AAACB3icdVDLSsNAFJ34rPUVdSnIYBFclaTUPnZFNy4r2Ac0aZlMJ+3QmSTMTAoldOfGX3HjQhG3/oI7/8ZJG0FFDwxzOOde7r3HixiVyrI+jJXVtfWNzdxWfntnd2/fPDhsyzAWmLRwyELR9ZAkjAakpahipBsJgrjHSMebXKV+Z0qEpGFwq2YRcTkaBdSnGCktDcwTh8cDhyM1Fjwhvj/vl6DDGJzqf9QvD8yCVaxbdv2iCpekVs5IpQ7torVAAWRoDsx3ZxjimJNAYYak7NlWpNwECUUxI/O8E0sSITxBI9LTNECcSDdZ3DGHZ1oZQj8U+gUKLtTvHQniUs64pyvTjeVvLxX/8nqx8mtuQoMoViTAy0F+zKAKYRoKHFJBsGIzTRAWVO8K8RgJhJWOLq9D+LoU/k/apaJdKVZuyoXGZRZHDhyDU3AObFAFDXANmqAFMLgDD+AJPBv3xqPxYrwuS1eMrOcI/IDx9gl0C5kQ</latexit>

µ2
e↵ ⌧ v2g4

soft breaking of 
conformal symmetry (ii) 

controlled 
supercooling

nucleation possible 
for 

<latexit sha1_base64="0A10496hO1R/ttSnokm25+A3vPk=">AAACBHicdVDLSsNAFJ3UV62vqMtuBosgLkoitY9dsRuXFfqCpobJZNIOnTyYmQglduHGX3HjQhG3foQ7/8ZJG0FFDwxzOOde7r3HiRgV0jA+tNzK6tr6Rn6zsLW9s7un7x/0RBhzTLo4ZCEfOEgQRgPSlVQyMog4Qb7DSN+ZtlK/f0O4oGHQkbOIjHw0DqhHMZJKsvVix3ahNR5D9V+f3tqWj+SE+0mrP4e2XjLKDcNsnNfgktQrGak2oFk2FiiBDG1bf7fcEMc+CSRmSIihaURylCAuKWZkXrBiQSKEp2hMhooGyCdilCyOmMNjpbjQC7l6gYQL9XtHgnwhZr6jKtMdxW8vFf/yhrH06qOEBlEsSYCXg7yYQRnCNBHoUk6wZDNFEOZU7QrxBHGEpcqtoEL4uhT+T3pnZbNarl5VSs2LLI48KIIjcAJMUANNcAnaoAswuAMP4Ak8a/fao/aivS5Lc1rWcwh+QHv7BPSIl7Y=</latexit>

Td � T ⇤
d |CW

<latexit sha1_base64="ZbLcqhNtR935q0bWM6Ka2T36rsg=">AAAB+HicdVDLSgMxFM34rPXRUZdugkVaN0NGah8LoejGZQU7LbRDyaSZNjTzIMkItfRL3LhQxK2f4s6/MZ2OoKIHLvdwzr3k5ngxZ1Ih9GGsrK6tb2zmtvLbO7t7BXP/wJFRIghtk4hHouthSTkLaVsxxWk3FhQHHqcdb3K18Dt3VEgWhbdqGlM3wKOQ+YxgpaWBWXBKZXR64ZTSBtHALCKrgezGeQ0uSb2SkWoD2hZKUQQZWgPzvT+MSBLQUBGOpezZKFbuDAvFCKfzfD+RNMZkgke0p2mIAyrdWXr4HJ5oZQj9SOgKFUzV7xszHEg5DTw9GWA1lr+9hfiX10uUX3dnLIwTRUOyfMhPOFQRXKQAh0xQovhUE0wE07dCMsYCE6WzyusQvn4K/yfOmWVXrepNpdi8zOLIgSNwDMrABjXQBNegBdqAgAQ8gCfwbNwbj8aL8bocXTGynUPwA8bbJ8DPkJk=</latexit>

V 0(0) = V 00(0) = 0
<latexit sha1_base64="U88lR3WwpSpEoU9UltBB3KQ5wBY=">AAACAHicdVDLSsNAFJ34rPUVdeHCzWARXIVEah+uim5cVrAPaEKYTCft0JkkzEyEErrxV9y4UMStn+HOv3HSRlDRAwOHc+5l7jlBwqhUtv1hLC2vrK6tlzbKm1vbO7vm3n5XxqnApINjFot+gCRhNCIdRRUj/UQQxANGesHkKvd7d0RIGke3apoQj6NRREOKkdKSbx66PPVdjtRY8IyE4Qy6Kob2hW9WbKtpO83zOlyQRrUgtSZ0LHuOCijQ9s13dxjjlJNIYYakHDh2orwMCUUxI7Oym0qSIDxBIzLQNEKcSC+bB5jBE60MYRgL/SIF5+r3jQxxKac80JP5qfK3l4t/eYNUhQ0vo1GSKhLhxUdhyqDOmLcBh1QQrNhUE4QF1bdCPEYCYaU7K+sSvpLC/0n3zHJqVu2mWmldFnWUwBE4BqfAAXXQAtegDToAgxl4AE/g2bg3Ho0X43UxumQUOwfgB4y3T8vBlpA=</latexit>

µe↵ ! 0 :
strong 

supercooling
(i) <latexit sha1_base64="YgmkYedH9nfYbLbooaup0Jh4DT4=">AAACCXicdVDLSgMxFM34rPU16tJNsAjVxTAjtY+NFLtxWaEvaOuQyaRtaOZBkimUsVs3/oobF4q49Q/c+Tdm2hFU9EDC4Zx7ufceJ2RUSNP80JaWV1bX1jMb2c2t7Z1dfW+/JYKIY9LEAQt4x0GCMOqTpqSSkU7ICfIcRtrOuJb47QnhggZ+Q05D0vfQ0KcDipFUkq3Dhu3Ci+S/Ob21ex6SI+7FtfYM5nuMwcmJredMo2JalfMSXJByISXFCrQMc44cSFG39feeG+DII77EDAnRtcxQ9mPEJcWMzLK9SJAQ4TEakq6iPvKI6MfzS2bwWCkuHARcPV/Cufq9I0aeEFPPUZXJquK3l4h/ed1IDsr9mPphJImPF4MGEYMygEks0KWcYMmmiiDMqdoV4hHiCEsVXlaF8HUp/J+0zgyraBSvC7nqZRpHBhyCI5AHFiiBKrgCddAEGNyBB/AEnrV77VF70V4XpUta2nMAfkB7+wSnC5kX</latexit>

Td > T ⇤
d |CW(⌧ v)

nucleation inhibited 
for 

Dark non-Abelian Higgs model with radiative 
breaking of classical conformal symmetry à la 
Coleman-Weinberg (CW).

<latexit sha1_base64="wfxf2VNN24s1PKetlu7qYcwVM3c=">AAAB8XicdVDLSsNAFL2pr1pfVZduBovgKiRS+9iVunFZwT6wjWUynbSDk0mYmQgl9C/cuFDErX/jzr9x2kZQ0QMXDufcy733+DFnSjvOh5VbWV1b38hvFra2d3b3ivsHHRUlktA2iXgkez5WlDNB25ppTnuxpDj0Oe36dxdzv3tPpWKRuNbTmHohHgsWMIK1kW6aaKBYiMa35WGx5Nh1x62fV9GS1MoZqdSRazsLlCBDa1h8H4wikoRUaMKxUn3XibWXYqkZ4XRWGCSKxpjc4THtGypwSJWXLi6eoROjjFAQSVNCo4X6fSLFoVLT0DedIdYT9dubi395/UQHNS9lIk40FWS5KEg40hGav49GTFKi+dQQTCQztyIywRITbUIqmBC+PkX/k86Z7VbsylW51GhmceThCI7hFFyoQgMuoQVtICDgAZ7g2VLWo/VivS5bc1Y2cwg/YL19AtWkkGk=</latexit>

B ⇠ g4

<latexit sha1_base64="IKxPu72HUrNl/0ZKv/vkFSTFO1g="></latexit>

V (�, Td) = V0 +B�4

✓
ln

�2

v2
� 1

2

◆
� µ2

e↵

2
�2

✓
1� �2

2v2

◆
+�Vthermal(�, Td)

<latexit sha1_base64="0aTOZO4yPwRz+EvjpOKvPyqdGsk=">AAAB/HicdVDLSsNAFJ34rPUV7dLNYBFchaTUPhZC0Y3LCvYBTSiT6aQZOnk4MxFCWn/FjQtF3Poh7vwbp20EFT1w4XDOvdx7jxszKqRpfmgrq2vrG5uFreL2zu7evn5w2BVRwjHp4IhFvO8iQRgNSUdSyUg/5gQFLiM9d3I593t3hAsahTcyjYkToHFIPYqRVNJQL9mxT89tcctlVplN7bZPp0O9bBpN02qe1eGSNKo5qTWhZZgLlEGO9lB/t0cRTgISSsyQEAPLjKWTIS4pZmRWtBNBYoQnaEwGioYoIMLJFsfP4IlSRtCLuKpQwoX6fSJDgRBp4KrOAElf/Pbm4l/eIJFew8loGCeShHi5yEsYlBGcJwFHlBMsWaoIwpyqWyH2EUdYqryKKoSvT+H/pFsxrJpRu66WWxd5HAVwBI7BKbBAHbTAFWiDDsAgBQ/gCTxr99qj9qK9LltXtHymBH5Ae/sEoXKVcw==</latexit>

� =
p
2|�|

radiative symmetry breaking 
due to dim. transmutation CW 1-loop result 

<latexit sha1_base64="y4M0GAmIniaXPMYuU/TbmEuV63Y=">AAAB+nicdZDLSsNAFIYnXmu9pbp0M1iEdmFIpPayK7pxJRVNW2hDmUwn7dDJhZmJUmIfxY0LRdz6JO58GydtBBX9YeDjP+cw5/xuxKiQpvmhLS2vrK6t5zbym1vbO7t6Ya8twphjYuOQhbzrIkEYDYgtqWSkG3GCfJeRjjs5T+udW8IFDYMbOY2I46NRQD2KkVTWQC9c26XLMuzLEKZ0bJUHetE0GqbVOK3BBdQrGVQb0DLMuYogU2ugv/eHIY59EkjMkBA9y4ykkyAuKWZklu/HgkQIT9CI9BQGyCfCSearz+CRcobQC7l6gYRz9/tEgnwhpr6rOn0kx+J3LTX/qvVi6dWdhAZRLEmAFx95MYPq0DQHOKScYMmmChDmVO0K8RhxhKVKK69C+LoU/g/tE8OqGtWrSrF5lsWRAwfgEJSABWqgCS5AC9gAgzvwAJ7As3avPWov2uuidUnLZvbBD2lvn13fkis=</latexit>

SU(N) ! SU(N � 1)
<latexit sha1_base64="R/+ek+ydKQVdlFgZxkwIOAdN1E8=">AAAB8XicdVDLSgMxFL1TX7W+qi7dBIvgapiR2seu6MZlBfvAzlAyadqGZjJDkimUoX/hxoUibv0bd/6NaTuCih4IHM65l9xzgpgzpR3nw8qtrW9sbuW3Czu7e/sHxcOjtooSSWiLRDyS3QArypmgLc00p91YUhwGnHaCyfXC70ypVCwSd3oWUz/EI8GGjGBtpHsvHjPk6QhN+8WSY9cdt35ZRStSK2ekUkeu7SxRggzNfvHdG0QkCanQhGOleq4Taz/FUjPC6bzgJYrGmEzwiPYMFTikyk+XF8/RmVEGaBhJ84RGS/X7RopDpWZhYCZDrMfqt7cQ//J6iR7W/JSJONFUkNVHw4QjE3ERHw2YpETzmSGYSGZuRWSMJSbalFQwJXwlRf+T9oXtVuzKbbnUuMrqyMMJnMI5uFCFBtxAE1pAQMADPMGzpaxH68V6XY3mrGznGH7AevsEhRqQ2w==</latexit>

� ! v

(ii) 
<latexit sha1_base64="Q1l2BEpF+h1vpNuZdxUsC2dvkhM=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoMQL8uuxDxuUS8eI5gHJGuYnUySIbOzy8ysEJZ8hBcPinj1e7z5N06SFVS0oKGo6qa7y484U9pxPqzMyura+kZ2M7e1vbO7l98/aKkwloQ2SchD2fGxopwJ2tRMc9qJJMWBz2nbn1zN/fY9lYqF4lZPI+oFeCTYkBGsjdS+uEuKwemsny84ds1xa+cVtCTVUkrKNeTazgIFSNHo5997g5DEARWacKxU13Ui7SVYakY4neV6saIRJhM8ol1DBQ6o8pLFuTN0YpQBGobSlNBooX6fSHCg1DTwTWeA9Vj99ubiX1431sOqlzARxZoKslw0jDnSIZr/jgZMUqL51BBMJDO3IjLGEhNtEsqZEL4+Rf+T1pntlu3yTalQv0zjyMIRHEMRXKhAHa6hAU0gMIEHeIJnK7IerRfrddmasdKZQ/gB6+0TLAGPgA==</latexit>

A(m)

<latexit sha1_base64="0OUBzktFP4CdFhoJr2GyyVQjfg0=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0ik9uNW9eKxBdsKbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG0jqOiDgcd7M8zM82POlHacDyu3srq2vpHfLGxt7+zuFfcPOipKJIU2jXgkb32igDMBbc00h9tYAgl9Dl1/cjX3u/cgFYvEjZ7G4IVkJFjAKNFGal0MiiXHrjtu/byKl6RWzkiljl3bWaCEMjQHxff+MKJJCEJTTpTquU6svZRIzSiHWaGfKIgJnZAR9AwVJATlpYtDZ/jEKEMcRNKU0Hihfp9ISajUNPRNZ0j0WP325uJfXi/RQc1LmYgTDYIuFwUJxzrC86/xkEmgmk8NIVQycyumYyIJ1Sabggnh61P8P+mc2W7FrrTKpcZlFkceHaFjdIpcVEUNdI2aqI0oAvSAntCzdWc9Wi/W67I1Z2Uzh+gHrLdPITyNMA==</latexit>

A

<latexit sha1_base64="0OUBzktFP4CdFhoJr2GyyVQjfg0=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0ik9uNW9eKxBdsKbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG0jqOiDgcd7M8zM82POlHacDyu3srq2vpHfLGxt7+zuFfcPOipKJIU2jXgkb32igDMBbc00h9tYAgl9Dl1/cjX3u/cgFYvEjZ7G4IVkJFjAKNFGal0MiiXHrjtu/byKl6RWzkiljl3bWaCEMjQHxff+MKJJCEJTTpTquU6svZRIzSiHWaGfKIgJnZAR9AwVJATlpYtDZ/jEKEMcRNKU0Hihfp9ISajUNPRNZ0j0WP325uJfXi/RQc1LmYgTDYIuFwUJxzrC86/xkEmgmk8NIVQycyumYyIJ1Sabggnh61P8P+mc2W7FrrTKpcZlFkceHaFjdIpcVEUNdI2aqI0oAvSAntCzdWc9Wi/W67I1Z2Uzh+gHrLdPITyNMA==</latexit>

A

<latexit sha1_base64="iD2wDmE53zA+y0oqmTk8S9DAd/o=">AAAB63icdVDLSsNAFL2pr1pfVZduBovgKiRS+9gV3bisYB/QhjKZTpqhk0mYmQil9BfcuFDErT/kzr9x0kZQ0QMXDufcy733+AlnSjvOh1VYW9/Y3Cpul3Z29/YPyodHXRWnktAOiXks+z5WlDNBO5ppTvuJpDjyOe350+vM791TqVgs7vQsoV6EJ4IFjGCdScMkZKNyxbGbjtu8rKMVaVRzUmsi13aWqECO9qj8PhzHJI2o0IRjpQauk2hvjqVmhNNFaZgqmmAyxRM6MFTgiCpvvrx1gc6MMkZBLE0JjZbq94k5jpSaRb7pjLAO1W8vE//yBqkOGt6ciSTVVJDVoiDlSMcoexyNmaRE85khmEhmbkUkxBITbeIpmRC+PkX/k+6F7dbs2m210rrK4yjCCZzCObhQhxbcQBs6QCCEB3iCZyuyHq0X63XVWrDymWP4AevtE6HYjqo=</latexit>

�
efficient decay in massless 

gauge bosons 
<latexit sha1_base64="QhpofkBaONSjQHh3/qY799RQGFw="></latexit>

�(cm)
�!AA

H⇤
= O(1)⇥

g
9
f
1/4
NEDE

1 + z⇤
1024

weak gauge coupling: 
<latexit sha1_base64="5KGLFWaphcGrtTSBArMAqDo6zqo=">AAAB7nicdVBNS8NAEJ3Ur1q/qh69LBbBU0ikpu2t6MVjBfsBbSib7aZdutmE3Y1QQn+EFw+KePX3ePPfuG0jqOiDgcd7M8zMCxLOlHacD6uwtr6xuVXcLu3s7u0flA+POipOJaFtEvNY9gKsKGeCtjXTnPYSSXEUcNoNptcLv3tPpWKxuNOzhPoRHgsWMoK1kbpjNOAcucNyxbEbjtu4rKEVqVdz4jWQaztLVCBHa1h+H4xikkZUaMKxUn3XSbSfYakZ4XReGqSKJphM8Zj2DRU4osrPlufO0ZlRRiiMpSmh0VL9PpHhSKlZFJjOCOuJ+u0txL+8fqrDup8xkaSaCrJaFKYc6RgtfkcjJinRfGYIJpKZWxGZYImJNgmVTAhfn6L/SefCdj3bu61Wmld5HEU4gVM4Bxdq0IQbaEEbCEzhAZ7g2UqsR+vFel21Fqx85hh+wHr7BL1Bjzc=</latexit>

g ⌧ 1

dark Higgs; transforms in 
fundamental SU(N) rep. 

<latexit sha1_base64="hr903FdMjsYZU40Aq4bgGT8q2v0="></latexit>

L = |D�|2 � V (�)� 1

2
tr(Fµ⌫F

µ⌫)

<latexit sha1_base64="ZXPkjBTfCWTZPUOb72tgvWLeWew=">AAAB63icdVDLSsNAFL2pr1pfVZduBovgKiRS+9gV3bisYB/QhjKZTpqhk0mYmQil9BfcuFDErT/kzr9x0kZQ0QMXDufcy733+AlnSjvOh1VYW9/Y3Cpul3Z29/YPyodHXRWnktAOiXks+z5WlDNBO5ppTvuJpDjyOe350+vM791TqVgs7vQsoV6EJ4IFjGCdScN2yEblimM3Hbd5WUcr0qjmpNZEru0sUYEc7VH5fTiOSRpRoQnHSg1cJ9HeHEvNCKeL0jBVNMFkiid0YKjAEVXefHnrAp0ZZYyCWJoSGi3V7xNzHCk1i3zTGWEdqt9eJv7lDVIdNLw5E0mqqSCrRUHKkY5R9jgaM0mJ5jNDMJHM3IpIiCUm2sRTMiF8fYr+J90L263ZtdtqpXWVx1GEEziFc3ChDi24gTZ0gEAID/AEz1ZkPVov1uuqtWDlM8fwA9bbJ3EYjoo=</latexit>

�

controls  energy 
injection 

<latexit sha1_base64="49Ka7GkeZMNqQKcE6dlR1nkzhlM="></latexit>

�Ne↵ |after p.t.
�Ne↵ |BBN

/ v4/µ4
e↵

viable window
<latexit sha1_base64="5vrpWE2njlG8aJMmMptFFagtMJ8=">AAACBHicdVDLSgMxFM3UV62vUZfdBIvgashI7WNXdOOygn1AO5RMmmlDM5khyQhl6MKNv+LGhSJu/Qh3/o1pO4qKHggczjmXm3v8mDOlEXq3ciura+sb+c3C1vbO7p69f9BWUSIJbZGIR7LrY0U5E7Slmea0G0uKQ5/Tjj+5mPudGyoVi8S1nsbUC/FIsIARrI00sIvIcWF/pE0ihKMvhhzkwoFdQk4dufWzKlySWjkjlTp0HbRACWRoDuy3/jAiSUiFJhwr1XNRrL0US80Ip7NCP1E0xmSCR7RnqMAhVV66OGIGj40yhEEkzRMaLtTvEykOlZqGvkmGWI/Vb28u/uX1Eh3UvJSJONFUkOWiIOFQR3DeCBwySYnmU0Mwkcz8FZIxlpho01vBlPB5KfyftE8dt+JUrsqlxnlWRx4UwRE4AS6ogga4BE3QAgTcgnvwCJ6sO+vBerZeltGclc0cgh+wXj8A32aWXQ==</latexit>

0.1 & g & 0.01

<latexit sha1_base64="e0v9vXCVqzeh5LEnAxs6v/dTjk0=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0ik9uNW9OKxgmkLbSib7SZdutmE3Y1QSn+DFw+KePUHefPfuG0jqOiDgcd7M8zMC1LOlHacD6uwtr6xuVXcLu3s7u0flA+POirJJKEeSXgiewFWlDNBPc00p71UUhwHnHaDyfXC795TqVgi7vQ0pX6MI8FCRrA2kjeIIuQOyxXHbjpu87KOVqRRzUmtiVzbWaICOdrD8vtglJAspkITjpXqu06q/RmWmhFO56VBpmiKyQRHtG+owDFV/mx57BydGWWEwkSaEhot1e8TMxwrNY0D0xljPVa/vYX4l9fPdNjwZ0ykmaaCrBaFGUc6QYvP0YhJSjSfGoKJZOZWRMZYYqJNPiUTwten6H/SubDdml27rVZaV3kcRTiBUzgHF+rQghtogwcEGDzAEzxbwnq0XqzXVWvBymeO4Qest0+UcY6S</latexit>� 1

<latexit sha1_base64="e0v9vXCVqzeh5LEnAxs6v/dTjk0=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0ik9uNW9OKxgmkLbSib7SZdutmE3Y1QSn+DFw+KePUHefPfuG0jqOiDgcd7M8zMC1LOlHacD6uwtr6xuVXcLu3s7u0flA+POirJJKEeSXgiewFWlDNBPc00p71UUhwHnHaDyfXC795TqVgi7vQ0pX6MI8FCRrA2kjeIIuQOyxXHbjpu87KOVqRRzUmtiVzbWaICOdrD8vtglJAspkITjpXqu06q/RmWmhFO56VBpmiKyQRHtG+owDFV/mx57BydGWWEwkSaEhot1e8TMxwrNY0D0xljPVa/vYX4l9fPdNjwZ0ykmaaCrBaFGUc6QYvP0YhJSjSfGoKJZOZWRMZYYqJNPiUTwten6H/SubDdml27rVZaV3kcRTiBUzgHF+rQghtogwcEGDzAEzxbwnq0XqzXVWvBymeO4Qest0+UcY6S</latexit>� 1



 Stochastic gravitational wave background
 Overlap with PTAs for phase transitions that 
occur close to BBN and create large bubbles.  
 

First estimate (envelope approximation, thin-
wall, …) 

<latexit sha1_base64="Gf3n8+OH9Ry1ZDc/FlbomjXgJ4w=">AAAB+XicdZDLSsNAFIYn9VbrLerSzWARxEVIpLYNdFF047KCvUAbw2Q6bYdOJmFmUqihb+LGhSJufRN3vo3TNoKK/jDw8Z9zOGf+IGZUKtv+MHIrq2vrG/nNwtb2zu6euX/QklEiMGniiEWiEyBJGOWkqahipBMLgsKAkXYwvprX2xMiJI34rZrGxAvRkNMBxUhpyzdNx76rwBq8989gTbPrm0Xbcm3HvajAJVRLGZRd6Fj2QkWQqeGb771+hJOQcIUZkrLr2LHyUiQUxYzMCr1EkhjhMRqSrkaOQiK9dHH5DJ5opw8HkdCPK7hwv0+kKJRyGga6M0RqJH/X5uZftW6iBlUvpTxOFOF4uWiQMKgiOI8B9qkgWLGpBoQF1bdCPEICYaXDKugQvn4K/4fWueWUrfJNqVi/zOLIgyNwDE6BAyqgDq5BAzQBBhPwAJ7As5Eaj8aL8bpszRnZzCH4IePtEznNkX8=</latexit>

107 < z⇤ < 109

Signatures I+II

 CMB anisotropies 
 DM-DR coupling suppresses power on small scales.
 Test against new ground based CMB data by ACT and SPT.
 Higher angular moments probe features at earlier times.

ACT and SPT 
can probe earlier 
details of model: 
mass threshold, 
phase transition 
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DAO in CMB / Planck
 Comparison SIDR (red) vs DRMD (blue).
(i) Broadband effect: DM-DR coupling 
suppresses power on small scales (blue 
vs red), countering the effect of 
increased matter density.
 (ii) Localised DAO feature: most 
pronounced around angular scales of  
l=600 (Planck regime).

(ii) DAO feature (i) broadband 
suppression 

Upshot: Planck CMB data compatible with large H0 value in presence of a ~60 Mpc/h DAO feature.
Question 1: Is there any additional evidence for DRMD/DAO? Yes, from recent DESI DR2 BAO data.
Question 2: What about small-scale CMB data by ACT released last year? 

DRMD bestfit with fidm > 0 (DAO) DRMD bestfit with fidm = 0 (no DAO)


