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What do we know about the Universe?

Most of the information comes from precision cosmology 

CMB anisotropies 

<latexit sha1_base64="9WawaN0JY7J7EQVA1lI8PlicVDo=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL8Ei1EtNpKjHohePEewHtCFsttt26SYbdidiiTn4V7x4UMSrf8Ob/8Ztm4O2Phh4vDfDzLwg5kyBbX8bhaXlldW14nppY3Nre8fc3WsqkUhCG0RwIdsBVpSziDaAAaftWFIcBpy2gtH1xG/dU6mYiO5gHFMvxIOI9RnBoCXfPHAro5NT10+7QB8gVaEQMMwy3yzbVXsKa5E4OSmjHK5vfnV7giQhjYBwrFTHsWPwUiyBEU6zUjdRNMZkhAe0o2mEQ6q8dHp/Zh1rpWf1hdQVgTVVf0+kOFRqHAa6M8QwVPPeRPzP6yTQv/RSFsUJ0IjMFvUTboGwJmFYPSYpAT7WBBPJ9K0WGWKJCejISjoEZ/7lRdI8qzrn1dptrVy/yuMookN0hCrIQReojm6QixqIoEf0jF7Rm/FkvBjvxsestWDkM/voD4zPHwc/liU=</latexit>

P (k)/Psmooth

<latexit sha1_base64="oajfA9v2ctHvUrxmgsB5fdpTAQ0=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBhZZEirosunEjVLAPSGKZTKft0MmDmRuxhIAbf8WNC0Xc+hPu/BunbRZaPXAvh3PuZeYePxZcgWV9GYW5+YXFpeJyaWV1bX3D3NxqqiiRlDVoJCLZ9oligoesARwEa8eSkcAXrOUPL8Z+645JxaPwBkYx8wLSD3mPUwJa6pg7Q/cQY2eguwvsHtKrmGa36ZGdeR2zbFWsCfBfYuekjHLUO+an241oErAQqCBKObYVg5cSCZwKlpXcRLGY0CHpM0fTkARMeenkhgzva6WLe5HUFQKeqD83UhIoNQp8PRkQGKhZbyz+5zkJ9M68lIdxAiyk04d6icAQ4XEguMsloyBGmhAquf4rpgMiCQUdW0mHYM+e/Jc0jyv2SaV6XS3XzvM4imgX7aEDZKNTVEOXqI4aiKIH9IRe0KvxaDwbb8b7dLRg5Dvb6BeMj28xgZag</latexit>

k [hMpc�1]

Power spectrum BAO



Standard cosmological model
6 independent parameters: 

Fixed parameters: 
<latexit sha1_base64="PBTWx/dOrr8rjwEps0CimgICr+Q="></latexit>
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Input parameters 

Planck-2018

Parameters measured with sub-percent precision  
with Planck CMB data

Matter power spectrum info needed to nail 
<latexit sha1_base64="jNgsvtlT0Izd01FmIdsXnNMhhyg=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRizcr2A9oQ9lsJ+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgkfYMNwIbCcKqQwEtoLRzdRvPaHSPI4ezDhBX9JBxEPOqLFSu3sncUB7sleuuFV3BrJMvJxUIEe9V/7q9mOWSowME1Trjucmxs+oMpwJnJS6qcaEshEdYMfSiErUfja7d0JOrNInYaxsRYbM1N8TGZVaj2VgOyU1Q73oTcX/vE5qwis/41GSGozYfFGYCmJiMn2e9LlCZsTYEsoUt7cSNqSKMmMjKtkQvMWXl0nzrOpdVM/vzyu16zyOIhzBMZyCB5dQg1uoQwMYCHiGV3hzHp0X5935mLcWnHzmEP7A+fwB5iWP5A==</latexit>

⌦m
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What’s for the future?

Planck-2018

<latexit sha1_base64="7imszRo7d846GbVehiGIT3wLFns="></latexit>

(S/N)2|CMB ⇠ Nmodes|CMB ⇠ `2max

Increasing           CMB 2D map is limited by small scale fluctuations  
affecting the map 

<latexit sha1_base64="owH0s7NrVDCBANo8UNHu20aWy0o=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRbBU0mkqMeiF48V7Ae0IWy203bp5oPdibbE/BQvHhTx6i/x5r9x2+agrQ8GHu/NMDPPjwVXaNvfRmFtfWNzq7hd2tnd2z8wy4ctFSWSQZNFIpIdnyoQPIQmchTQiSXQwBfQ9sc3M7/9AFLxKLzHaQxuQIchH3BGUUueWe6BEF7aQ5hgGtBJlnlmxa7ac1irxMlJheRoeOZXrx+xJIAQmaBKdR07RjelEjkTkJV6iYKYsjEdQlfTkAag3HR+emadaqVvDSKpK0Rrrv6eSGmg1DTwdWdAcaSWvZn4n9dNcHDlpjyME4SQLRYNEmFhZM1ysPpcAkMx1YQyyfWtFhtRSRnqtEo6BGf55VXSOq86F9XaXa1Sv87jKJJjckLOiEMuSZ3ckgZpEkYeyTN5JW/Gk/FivBsfi9aCkc8ckT8wPn8AR0OUrQ==</latexit>

`max

Ferraro et al. 2016
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`max

Ferraro et al. 2016

<latexit sha1_base64="xkpv3jgTup+BqGvTl0VulFKmCIk="></latexit>

(S/N)2|LSS ⇠ Nmodes|LSS ⇠ k3maxVolume
<latexit sha1_base64="U/PXe+H0dnn6GlHX2gV/Imp2nOQ=">AAACB3icbVBNS8NAEN34WetX1KMgwSLUS0mkqMeiF48V7Ac0pWy203bpZhN2J2IJuXnxr3jxoIhX/4I3/43bj4O2Phh4vDfDzLwgFlyj635bS8srq2vruY385tb2zq69t1/XUaIY1FgkItUMqAbBJdSQo4BmrICGgYBGMLwe+417UJpH8g5HMbRD2pe8xxlFI3XsIz+gKpVZJ/URHjCVEdeQZdXi8NTv972OXXBL7gTOIvFmpEBmqHbsL78bsSQEiUxQrVueG2M7pQo5E5Dl/URDTNmQ9qFlqKQh6HY6+SNzTozSdXqRMiXRmai/J1Iaaj0KA9MZUhzoeW8s/ue1EuxdtlMu4wRBsumiXiIcjJxxKE6XK2AoRoZQpri51WEDqihDE13ehODNv7xI6mcl77xUvi0XKlezOHLkkByTIvHIBamQG1IlNcLII3kmr+TNerJerHfrY9q6ZM1mDsgfWJ8/ptKZzA==</latexit>

n̄noiseP (k) � 1

Increasing      
<latexit sha1_base64="tMRGtKg9ga5XZE4RwnTx8oEmVjU=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqeyKqMeiF48V7Ae0a8mm2TY0yS7JrLYs+z+8eFDEq//Fm//GtN2Dtj4YeLw3w8y8IBbcgOt+O4WV1bX1jeJmaWt7Z3evvH/QNFGiKWvQSES6HRDDBFesARwEa8eaERkI1gpGN1O/9ci04ZG6h0nMfEkGioecErDSw6iXdoGNIZVknGW9csWtujPgZeLlpIJy1Hvlr24/oolkCqggxnQ8NwY/JRo4FSwrdRPDYkJHZMA6lioimfHT2dUZPrFKH4eRtqUAz9TfEymRxkxkYDslgaFZ9Kbif14ngfDKT7mKE2CKzheFicAQ4WkEuM81oyAmlhCqub0V0yHRhIINqmRD8BZfXibNs6p3UT2/O6/UrvM4iugIHaNT5KFLVEO3qI4aiCKNntErenOenBfn3fmYtxacfOYQ/YHz+QOEy5Mw</latexit>

kmax depends on our ability of making predictions  on mildly non-linear scales 

Chabanier et al. 2016
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Figure of merit
Galaxy Clustering data will soon reach Planck sensitivities 

/EUCLID

Sailer et al. 2016

~3-4 years

~10-15 years

~? years
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The EFT of LSS-I
We want to make predictions about the galaxy distribution in the Universe 

This can be encoded in correlators of the galaxy fluctuations:
<latexit sha1_base64="p4IFWn7Z5IgXH3rUds7m0quPTs0="></latexit>

h�g(p)�g(k)i = (2⇡)3�(3)(p+ k)Pg(k)
<latexit sha1_base64="c/8vL7bfMjG1q5ZeC8iyLfZXbP0="></latexit>

h�g(p)�g(k)�g(q)i = (2⇡)3�(3)(p+ k + q)Bg(p, k, q)

…

<latexit sha1_base64="BwE+yO32wz5tJKmOSGPmJsty20Q=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgxppIUZdFNy4r2Ac0JUymt+nQySTOTAoldOfGX3HjQhG3/oI7/8bpY6GtBy4czrmXe+8JEs6UdpxvK7e0vLK6ll8vbGxube/Yu3t1FaeSQo3GPJbNgCjgTEBNM82hmUggUcChEfRvxn5jAFKxWNzrYQLtiISCdRkl2ki+feh1gGvihx48pGyAhR+eeQGRmRj54anr20Wn5EyAF4k7I0U0Q9W3v7xOTNMIhKacKNVynUS3MyI1oxxGBS9VkBDaJyG0DBUkAtXOJn+M8LFROrgbS1NC44n6eyIjkVLDKDCdEdE9Ne+Nxf+8Vqq7V+2MiSTVIOh0UTflWMd4HAruMAlU86EhhEpmbsW0RySh2kRXMCG48y8vkvp5yb0ole/Kxcr1LI48OkBH6AS56BJV0C2qohqi6BE9o1f0Zj1ZL9a79TFtzVmzmX30B9bnD61bmTA=</latexit>

�g ⌘ ng/n̄g � 1

Looking  at scales: <latexit sha1_base64="J+ExVwjdHMO1xpNjzW//hWysrKs=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JIURddFN24rGIf0IYwmU7aoZMHMzdiDcFfceNCEbf+hzv/xmmbhbYeuHA4517uvceLBVdgWd9GYWl5ZXWtuF7a2Nza3jF391oqSiRlTRqJSHY8opjgIWsCB8E6sWQk8ARre6Orid++Z1LxKLyDccycgAxC7nNKQEuueTDCt27aA/YA6ZCIKMtqNds1y1bFmgIvEjsnZZSj4ZpfvX5Ek4CFQAVRqmtbMTgpkcCpYFmplygWEzoiA9bVNCQBU046vT7Dx1rpYz+SukLAU/X3REoCpcaBpzsDAkM1703E/7xuAv6Fk/IwToCFdLbITwSGCE+iwH0uGQUx1oRQyfWtmA6JJBR0YCUdgj3/8iJpnVbss0r1plquX+ZxFNEhOkInyEbnqI6uUQM1EUWP6Bm9ojfjyXgx3o2PWWvByGf20R8Ynz85TpUW</latexit>

kRhalo << 1 we can map the galaxy fluctuations to matter fluctuations order by order
<latexit sha1_base64="8tFzlrK31xeAjdlSdTtQTBQhJSc="></latexit>

�g = b1�m +
b2
2
�2m + bKKijK

ij + . . .
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ij + . . .Unknown bias parameters encode  
the messy short scale physics 
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�g ⌘ ng/n̄g � 1
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kRhalo << 1 we can map the galaxy fluctuations to matter fluctuations order by order

Assumption: no sources of relative density or velocities!   
(See later)

<latexit sha1_base64="8tFzlrK31xeAjdlSdTtQTBQhJSc="></latexit>

�g = b1�m +
b2
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The EFT of LSS-II
Now we need a model for the matter fluctuations: 

Carrasco et al 2012, Baumann et al 2012

<latexit sha1_base64="2YZ3wHRyLhlHySh0Lx4JbW0v6X0=">AAACFXicbZDPSxtBFMdnba0x1hrr0ctgKCq2YVfE9lII9dJjBGOEbLq8nbwkQ2Zml5m3Qgj5J3rpv9KLh5biVfDW/8bJj4KaPhj48P2+x5v3TXMlHYXh32DlxcvVV2ul9fLG6803W5Xtt5cuK6zApshUZq9ScKikwSZJUniVWwSdKmylw7Op37pG62RmLmiUY0dD38ieFEBeSirv4y4qgkTvH8U0wCl9/hAbSBUk8uCfya8T/U0eJpVqWAtnxZchWkCVLaqRVO7jbiYKjYaEAufaUZhTZwyWpFA4KceFwxzEEPrY9mhAo+uMZ1dN+DuvdHkvs/4Z4jP18cQYtHMjnfpODTRwz72p+D+vXVDvU2csTV4QGjFf1CsUp4xPI+JdaVGQGnkAYaX/KxcDsCDIB1n2IUTPT16Gy+NadFo7OT+p1r8s4iixXbbHDljEPrI6+8oarMkE+85+sl/sd/AjuAn+BLfz1pVgMbPDnlRw9wB7PJ5m</latexit>

�0m + ✓m = �ri(�mvim)

<latexit sha1_base64="yyhv0ze2XsYDhLSWFXFiJ8ptlV4="></latexit>

✓0m +H✓m +
3

2
⌦mH

2�m = �ri(v
j
mrjv

i
m)

Order by order we can solve: Bernardeu et al 2002 and many others  
<latexit sha1_base64="OFVSti2/7hYea/YFW6T5+cOKfKg="></latexit>

�(2)(k) =

Z 3q

(2⇡)3
F2(q, k � q)�(1)(q)�(1)(k � q)

These kernels controls the corrections  
to the cosmological correlators

<latexit sha1_base64="zVYZTGsHOTcyUvTF7c7ZeytuJis=">AAACEXicbVC7SgNBFJ31GeMrammzGIQ0ht0Q1DJoY2ERwTwgG5fZyd1kyOyDmbtiWPYXbPwVGwtFbO3s/Bsnj0ITDwwczrmHO/d4seAKLevbWFpeWV1bz23kN7e2d3YLe/tNFSWSQYNFIpJtjyoQPIQGchTQjiXQwBPQ8oaXY791D1LxKLzFUQzdgPZD7nNGUUtuoXTi+JKydHhXyVJHDiLXudbpHs0cpInrIDxgCr6fuYWiVbYmMBeJPSNFMkPdLXw5vYglAYTIBFWqY1sxdlMqkTMBWd5JFMSUDWkfOpqGNADVTScXZeaxVnqmH0n9QjQn6u9ESgOlRoGnJwOKAzXvjcX/vE6C/nk35WGcIIRsushPhImROa7H7HEJDMVIE8ok13812YDqhlCXmNcl2PMnL5JmpWyflqs31WLtYlZHjhySI1IiNjkjNXJF6qRBGHkkz+SVvBlPxovxbnxMR5eMWeaA/IHx+QPCcp5E</latexit>

� k2

⇢⇤
⌧e↵

Plus counter-terms encoding  
the contribution from UV physics

<latexit sha1_base64="xMKFp5dMaK7N6ESG+zuzTrNrbUI=">AAACFHicbVA9SwNBEN2L3/ErammzGARBDHcxqKVoYxnBxEAuHnubuWTJ3oe7c2I48iNs/Cs2ForYWtj5b9zEFJr4YODx3szuzPMTKTTa9peVm5mdm19YXMovr6yurRc2Nus6ThWHGo9lrBo+0yBFBDUUKKGRKGChL+Ha750P/es7UFrE0RX2E2iFrBOJQHCGRvIK+y6y1MtchHvMIAgGA1eLEG7pwSH39E3ZVd3Yc6V5sM28QtEu2SPQaeKMSZGMUfUKn2475mkIEXLJtG46doKtjCkUXMIg76YaEsZ7rANNQyMWgm5lo6MGdNcobRrEylSEdKT+nshYqHU/9E1nyLCrJ72h+J/XTDE4aWUiSlKEiP98FKSSYkyHCdG2UMBR9g1hXAmzK+VdphhHk2PehOBMnjxN6uWSc1SqXFaKp2fjOBbJNtkhe8Qhx+SUXJAqqRFOHsgTeSGv1qP1bL1Z7z+tOWs8s0X+wPr4Bp21nyo=</latexit>

⌧e↵ ' �3c2s⇢�

<latexit sha1_base64="Gqq7NMhw83C7IgMr143WB84FdpE=">AAAB9HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cK9gOaUDabSbt0dxN3N4US+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8MOVMG9f9dkpr6xubW+Xtys7u3v5B9fCorZNMUWjRhCeqGxINnEloGWY4dFMFRIQcOuHobuZ3xqA0S+SjmaQQCDKQLGaUGCsFfgTckL7wOfdwv1pz6+4ceJV4BamhAs1+9cuPEpoJkIZyonXPc1MT5EQZRjlMK36mISV0RAbQs1QSATrI50dP8ZlVIhwnypY0eK7+nsiJ0HoiQtspiBnqZW8m/uf1MhPfBDmTaWZA0sWiOOPYJHiWAI6YAmr4xBJCFbO3YjokilBjc6rYELzll1dJ+6LuXdUvHy5rjdsijjI6QafoHHnoGjXQPWqiFqLoCT2jV/TmjJ0X5935WLSWnGLmGP2B8/kDMxeRvA==</latexit>

�m ⌧ 1
<latexit sha1_base64="90nSleRttNLUv5Nq36mEygL55io=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiZS1IWLohsXIhXsA9oQJtNJO3TyYOZGLTGf4saFIm79Enf+jdM2C60euHA4517uvceLBVdgWV9GYWFxaXmluFpaW9/Y3DLL2y0VJZKyJo1EJDseUUzwkDWBg2CdWDISeIK1vdHFxG/fMal4FN7COGZOQAYh9zkloCXXLI8OR27aA/YA6fVVlp3ZrlmxqtYU+C+xc1JBORqu+dnrRzQJWAhUEKW6thWDkxIJnAqWlXqJYjGhIzJgXU1DEjDlpNPTM7yvlT72I6krBDxVf06kJFBqHHi6MyAwVPPeRPzP6ybgnzopD+MEWEhni/xEYIjwJAfc55JREGNNCJVc34rpkEhCQadV0iHY8y//Ja2jqn1crd3UKvXzPI4i2kV76ADZ6ATV0SVqoCai6B49oRf0ajwaz8ab8T5rLRj5zA76BePjGwQ5k9o=</latexit>

k/kNL < 1as long as 

<latexit sha1_base64="p3S6vtT5I9zvgrgQiKUBevrqAhI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3a3STsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgkfYMtwI7CQKqQwEPgTj25n/8IRK8zi6N5MEfUmHEQ85o8ZKTdkvV9yqOwdZJV5OKpCj0S9/9QYxSyVGhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFraUQlaj+bHzolZ1YZkDBWtiJD5urviYxKrScysJ2SmpFe9mbif143NeG1n/EoSQ1GbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP2HuM+g==</latexit>m <latexit sha1_base64="p3S6vtT5I9zvgrgQiKUBevrqAhI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3a3STsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgkfYMtwI7CQKqQwEPgTj25n/8IRK8zi6N5MEfUmHEQ85o8ZKTdkvV9yqOwdZJV5OKpCj0S9/9QYxSyVGhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFraUQlaj+bHzolZ1YZkDBWtiJD5urviYxKrScysJ2SmpFe9mbif143NeG1n/EoSQ1GbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP2HuM+g==</latexit>m <latexit sha1_base64="p3S6vtT5I9zvgrgQiKUBevrqAhI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3a3STsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgkfYMtwI7CQKqQwEPgTj25n/8IRK8zi6N5MEfUmHEQ85o8ZKTdkvV9yqOwdZJV5OKpCj0S9/9QYxSyVGhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFraUQlaj+bHzolZ1YZkDBWtiJD5urviYxKrScysJ2SmpFe9mbif143NeG1n/EoSQ1GbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP2HuM+g==</latexit>m

Matter domination + sub-horizon the time dependence factorizes:
<latexit sha1_base64="uTP5hcfG/lkX97dN0J/pwAVvzoY=">AAACL3icbVDLSgMxFM3UV62vUZduBoswRSkzpagboWgRlxXsA/oYMpm0Dc08SO4IZegfufFXuhFRxK1/YdrpQqsHQg7n3ENyjxtxJsGyXrXMyura+kZ2M7e1vbO7p+8fNGQYC0LrJOShaLlYUs4CWgcGnLYiQbHvctp0Rzczv/lIhWRh8ADjiHZ9PAhYnxEMSnL0245HOWDHN0dnHcBx4apqzu9U7yWmXZiYo8JptVdaMkqp0fFCkI6et4rWHMZfYi9IHi1Qc/SpypHYpwEQjqVs21YE3QQLYITTSa4TSxphMsID2lY0wD6V3WS+78Q4UYpn9EOhTgDGXP2ZSLAv5dh31aSPYSiXvZn4n9eOoX/ZTVgQxUADkj7Uj7kBoTErz/CYoAT4WBFMBFN/NcgQC0xAVZxTJdjLK/8ljVLRPi+W78v5yvWijiw6QsfIRDa6QBV0h2qojgh6QlP0ht61Z+1F+9A+09GMtsgcol/Qvr4BXTum1A==</latexit>

�m(k, ⌧) = D(⌧)�(1)(k) +D2(⌧)�(2)(k) + . . .
<latexit sha1_base64="v0F77SanD1V817URRyr1ddMwM3Q=">AAACDnicbVDLSsNAFJ34rPUVdekmWAp1U5JS1I1Q1EV3VrAPaNIwmU7aoTNJmJkIJeQL3Pgrblwo4ta1O//GSZuFth64cDjnXu69x4soEdI0v7WV1bX1jc3CVnF7Z3dvXz847Igw5gi3UUhD3vOgwJQEuC2JpLgXcQyZR3HXm1xnfvcBc0HC4F5OI+wwOAqITxCUSnL18k3FljA+vbR9DlFi3zI8gi5Lk3radM1BLTMHNVcvmVVzBmOZWDkpgRwtV/+yhyGKGQ4kolCIvmVG0kkglwRRnBbtWOAIogkc4b6iAWRYOMnsndQoK2Vo+CFXFUhjpv6eSCATYso81cmgHItFLxP/8/qx9C+chARRLHGA5ov8mBoyNLJsjCHhGEk6VQQiTtStBhpDlYtUCRZVCNbiy8ukU6taZ9X6Xb3UuMrjKIBjcAIqwALnoAGaoAXaAIFH8AxewZv2pL1o79rHvHVFy2eOwB9onz/pUpto</latexit>

D(⌧) =
⌦m

4
H

2
0 ⌧

2In 
<latexit sha1_base64="d2dN8RVx8OjsXhw1zf0MuBK2ua4=">AAAB+nicbVDLSsNAFJ3UV62vVJdugkVwVRIRdVmsCxcKFewDmlAmk0k7dDIJMzdqif0UNy4UceuXuPNvnLZZaOuBgcM553LvHD/hTIFtfxuFpeWV1bXiemljc2t7xyzvtlScSkKbJOax7PhYUc4EbQIDTjuJpDjyOW37w/rEb99TqVgs7mCUUC/CfcFCRjBoqWeW3WsdDrAL9BGy+uXNuGdW7Ko9hbVInJxUUI5Gz/xyg5ikERVAOFaq69gJeBmWwAin45KbKppgMsR92tVU4IgqL5uePrYOtRJYYSz1E2BN1d8TGY6UGkW+TkYYBmrem4j/ed0UwnMvYyJJgQoyWxSm3ILYmvRgBUxSAnykCSaS6VstMsASE9BtlXQJzvyXF0nruOqcVk9uTyq1i7yOItpHB+gIOegM1dAVaqAmIugBPaNX9GY8GS/Gu/ExixaMfGYP/YHx+QMYS5Po</latexit>

⇤CDM :

<latexit sha1_base64="p3S6vtT5I9zvgrgQiKUBevrqAhI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3a3STsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgkfYMtwI7CQKqQwEPgTj25n/8IRK8zi6N5MEfUmHEQ85o8ZKTdkvV9yqOwdZJV5OKpCj0S9/9QYxSyVGhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFraUQlaj+bHzolZ1YZkDBWtiJD5urviYxKrScysJ2SmpFe9mbif143NeG1n/EoSQ1GbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP2HuM+g==</latexit>m
<latexit sha1_base64="p3S6vtT5I9zvgrgQiKUBevrqAhI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3a3STsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgkfYMtwI7CQKqQwEPgTj25n/8IRK8zi6N5MEfUmHEQ85o8ZKTdkvV9yqOwdZJV5OKpCj0S9/9QYxSyVGhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFraUQlaj+bHzolZ1YZkDBWtiJD5urviYxKrScysJ2SmpFe9mbif143NeG1n/EoSQ1GbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP2HuM+g==</latexit>m



Diego Redigolo, Light Dark World 2023 

The EFT of LSS-III
Modelling of the power spectrum up to 

<latexit sha1_base64="iZOfP6+tUhbiQu114iywK818FRQ=">AAACDXicbVDJSgNBEO1xjXGLevTSGAVPcSYE9Rj04kElglkgCaGnU0ma9Cx214hhmB/w4q948aCIV+/e/Bs7y0ETHxQ83quiqp4bSqHRtr+tufmFxaXl1Ep6dW19YzOztV3RQaQ4lHkgA1VzmQYpfCijQAm1UAHzXAlVt38+9Kv3oLQI/FschND0WNcXHcEZGqmV2e+34gbCA8bXl0nS0MKDO2rn8mON9o6uQp60Mlk7Z49AZ4kzIVkyQamV+Wq0Ax554COXTOu6Y4fYjJlCwSUk6UakIWS8z7pQN9RnHuhmPPomoQdGadNOoEz5SEfq74mYeVoPPNd0egx7etobiv959Qg7p81Y+GGE4PPxok4kKQZ0GA1tCwUc5cAQxpUwt1LeY4pxNAGmTQjO9MuzpJLPOce5wk0hWzybxJEiu2SPHBKHnJAiuSAlUiacPJJn8krerCfrxXq3Psatc9ZkZof8gfX5A0Nym6w=</latexit>

kNL ' 0.2 h/Mpc

+Bispectrum up to 
<latexit sha1_base64="dv1Snu1u5sq+ZU5Mx0hm8+v2/Qo=">AAACDnicbVDJSgNBEO2JW4xb1KOXxhDwFGckLsegFw8qEcwCSQg9nUrSpGexu0YMw3yBF3/FiwdFvHr25t/YWQ4afVDweK+KqnpuKIVG2/6yUnPzC4tL6eXMyura+kZ2c6uqg0hxqPBABqruMg1S+FBBgRLqoQLmuRJq7uBs5NfuQGkR+Dc4DKHlsZ4vuoIzNFI7mx+04ybCPcZXF0nS1MKDW2oXnMOJSPv7lyFP2tmcXbDHoH+JMyU5MkW5nf1sdgIeeeAjl0zrhmOH2IqZQsElJJlmpCFkfMB60DDUZx7oVjx+J6F5o3RoN1CmfKRj9edEzDyth55rOj2GfT3rjcT/vEaE3ZNWLPwwQvD5ZFE3khQDOsqGdoQCjnJoCONKmFsp7zPFOJoEMyYEZ/blv6R6UHCOCsXrYq50Oo0jTXbILtkjDjkmJXJOyqRCOHkgT+SFvFqP1rP1Zr1PWlPWdGab/IL18Q3Czpvq</latexit>

kNL ' 0.15 h/Mpc
<latexit sha1_base64="nH4z+2C8PThd1MoCDLSvRM7iLfA=">AAACAnicbVDJSgNBEO1xjXEb9SReGoPgKcxI0ByDXjyIRDALJGHo6VSSJj2L3TViGIIXf8WLB0W8+hXe/Bs7y0ETHxT1eK+K7np+LIVGx/m2FhaXlldWM2vZ9Y3NrW17Z7eqo0RxqPBIRqruMw1ShFBBgRLqsQIW+BJqfv9i5NfuQWkRhbc4iKEVsG4oOoIzNJJn7/e9tInwgOn11XDY1CKAO+rknSL17JzpY9B54k5JjkxR9uyvZjviSQAhcsm0brhOjK2UKRRcwjDbTDTEjPdZFxqGhiwA3UrHJwzpkVHatBMpUyHSsfp7I2WB1oPAN5MBw56e9Ubif14jwU6xlYowThBCPnmok0iKER3lQdtCAUc5MIRxJcxfKe8xxTia1LImBHf25HlSPcm7p/nCTSFXOp/GkSEH5JAcE5eckRK5JGVSIZw8kmfySt6sJ+vFerc+JqML1nRnj/yB9fkDMxeWpA==</latexit>

kNL ' 0.08

Great amount of information extracted from BOSS data 

D’Amico, Lewandowski, Senatore, Zhang + other 
Ivanov, Philcox, Simonovic, Zaldarriaga+ others

Agreement with Planck for 
<latexit sha1_base64="18phKAQHXG3TBu8EFpvzbsC3x/o=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRS48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqz0UO+7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeONnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+qenl/Wand5nEU4QRO4Rw8uIYa1KEBTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QPD6414</latexit>

H0

@ 1-loop

@ tree-level 



Diego Redigolo, Light Dark World 2023 

What can we test/discover  
beyond  

the standard cosmological model with LSS?



Diego Redigolo, Light Dark World 2023 

The matter power spectrum 

<latexit sha1_base64="fM79ch06c9kdm2SRtez9OUKZkIc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYJNO6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDy2rtvlap3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPQpiO7w==</latexit>

⇠ k

<latexit sha1_base64="KkjHcJXErheCSi4GPq3zdXrf5rk=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgxbKrRT0WvXisYD9gu5Zsmm1Dk82SzApl6c/w4kERr/4ab/4b03YP2vpg4PHeDDPzwkRwA6777RRWVtfWN4qbpa3tnd298v5By6hUU9akSijdCYlhgsesCRwE6ySaERkK1g5Ht1O//cS04Sp+gHHCAkkGMY84JWAlv2u4xKPH7Oxi0itX3Ko7A14mXk4qKEejV/7q9hVNJYuBCmKM77kJBBnRwKlgk1I3NSwhdEQGzLc0JpKZIJudPMEnVunjSGlbMeCZ+nsiI9KYsQxtpyQwNIveVPzP81OIroOMx0kKLKbzRVEqMCg8/R/3uWYUxNgSQjW3t2I6JJpQsCmVbAje4svLpHVe9S6rtftapX6Tx1FER+gYnSIPXaE6ukMN1EQUKfSMXtGbA86L8+58zFsLTj5ziP7A+fwBob2Q1w==</latexit>

⇠ k�3



Diego Redigolo, Light Dark World 2023 

The matter power spectrum 
The equality scale 

<latexit sha1_base64="9kV8jjeT0YSp7Ak+1ViGkpDEMKE=">AAAB9HicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6rHoxWMF+wFtKJvtpF262aS7k2IJ+R1ePCji1R/jzX/jts1BWx8MPN6bYWaeHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ihRDBosEpFq+1SD4BIayFFAO1ZAQ19Ayx/dzfzWBJTmkXzEaQxeSAeSB5xRNJI36qVdhCdMYZxlvXLFqTpz2KvEzUmF5Kj3yl/dfsSSECQyQbXuuE6MXkoVciYgK3UTDTFlIzqAjqGShqC9dH50Zp8ZpW8HkTIl0Z6rvydSGmo9DX3TGVIc6mVvJv7ndRIMbryUyzhBkGyxKEiEjZE9S8DucwUMxdQQyhQ3t9psSBVlaHIqmRDc5ZdXSfOi6l5VLx8uK7XbPI4iOSGn5Jy45JrUyD2pkwZhZEyeySt5sybWi/VufSxaC1Y+c0z+wPr8AbBpkrY=</latexit>

keq

<latexit sha1_base64="eZgh8hDmQStyGwvxnmyjzEeySy0=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxgv3AdinZNNuGZpMlyQpl6b/w4kERr/4bb/4b0+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcjv3O09UaSbFg5nG1I/wSLCQEWys9NgnUlcnaqDPB+WKW3MzoFXi5aQCOZqD8ld/KEkSUWEIx1r3PDc2foqVYYTTWamfaBpjMsEj2rNU4IhqP80unqEzqwxRKJUtYVCm/p5IcaT1NApsZ4TNWC97c/E/r5eY8NpPmYgTQwVZLAoTjoxE8/fRkClKDJ9agoli9lZExlhhYmxIJRuCt/zyKmlf1LzLWv2+Xmnc5HEU4QROoQoeXEED7qAJLSAg4Ble4c3Rzovz7nwsWgtOPnMMf+B8/gARCpCI</latexit>

cos(
krs)

Accosting feature controlled  
by the sound horizon at recombination

BAO

<latexit sha1_base64="fM79ch06c9kdm2SRtez9OUKZkIc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYJNO6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDy2rtvlap3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPQpiO7w==</latexit>

⇠ k

<latexit sha1_base64="KkjHcJXErheCSi4GPq3zdXrf5rk=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgxbKrRT0WvXisYD9gu5Zsmm1Dk82SzApl6c/w4kERr/4ab/4b03YP2vpg4PHeDDPzwkRwA6777RRWVtfWN4qbpa3tnd298v5By6hUU9akSijdCYlhgsesCRwE6ySaERkK1g5Ht1O//cS04Sp+gHHCAkkGMY84JWAlv2u4xKPH7Oxi0itX3Ko7A14mXk4qKEejV/7q9hVNJYuBCmKM77kJBBnRwKlgk1I3NSwhdEQGzLc0JpKZIJudPMEnVunjSGlbMeCZ+nsiI9KYsQxtpyQwNIveVPzP81OIroOMx0kKLKbzRVEqMCg8/R/3uWYUxNgSQjW3t2I6JJpQsCmVbAje4svLpHVe9S6rtftapX6Tx1FER+gYnSIPXaE6ukMN1EQUKfSMXtGbA86L8+58zFsLTj5ziP7A+fwBob2Q1w==</latexit>

⇠ k�3
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The matter power spectrum 
The equality scale 

<latexit sha1_base64="9kV8jjeT0YSp7Ak+1ViGkpDEMKE=">AAAB9HicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6rHoxWMF+wFtKJvtpF262aS7k2IJ+R1ePCji1R/jzX/jts1BWx8MPN6bYWaeHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ihRDBosEpFq+1SD4BIayFFAO1ZAQ19Ayx/dzfzWBJTmkXzEaQxeSAeSB5xRNJI36qVdhCdMYZxlvXLFqTpz2KvEzUmF5Kj3yl/dfsSSECQyQbXuuE6MXkoVciYgK3UTDTFlIzqAjqGShqC9dH50Zp8ZpW8HkTIl0Z6rvydSGmo9DX3TGVIc6mVvJv7ndRIMbryUyzhBkGyxKEiEjZE9S8DucwUMxdQQyhQ3t9psSBVlaHIqmRDc5ZdXSfOi6l5VLx8uK7XbPI4iOSGn5Jy45JrUyD2pkwZhZEyeySt5sybWi/VufSxaC1Y+c0z+wPr8AbBpkrY=</latexit>

keq

<latexit sha1_base64="eZgh8hDmQStyGwvxnmyjzEeySy0=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxgv3AdinZNNuGZpMlyQpl6b/w4kERr/4bb/4b0+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcjv3O09UaSbFg5nG1I/wSLCQEWys9NgnUlcnaqDPB+WKW3MzoFXi5aQCOZqD8ld/KEkSUWEIx1r3PDc2foqVYYTTWamfaBpjMsEj2rNU4IhqP80unqEzqwxRKJUtYVCm/p5IcaT1NApsZ4TNWC97c/E/r5eY8NpPmYgTQwVZLAoTjoxE8/fRkClKDJ9agoli9lZExlhhYmxIJRuCt/zyKmlf1LzLWv2+Xmnc5HEU4QROoQoeXEED7qAJLSAg4Ble4c3Rzovz7nwsWgtOPnMMf+B8/gARCpCI</latexit>

cos(
krs)

Accosting feature controlled  
by the sound horizon at recombination

BAO

Width controlled by the Silk damping

Fourier transforming…
<latexit sha1_base64="fM79ch06c9kdm2SRtez9OUKZkIc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYJNO6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDy2rtvlap3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPQpiO7w==</latexit>

⇠ k

<latexit sha1_base64="KkjHcJXErheCSi4GPq3zdXrf5rk=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgxbKrRT0WvXisYD9gu5Zsmm1Dk82SzApl6c/w4kERr/4ab/4b03YP2vpg4PHeDDPzwkRwA6777RRWVtfWN4qbpa3tnd298v5By6hUU9akSijdCYlhgsesCRwE6ySaERkK1g5Ht1O//cS04Sp+gHHCAkkGMY84JWAlv2u4xKPH7Oxi0itX3Ko7A14mXk4qKEejV/7q9hVNJYuBCmKM77kJBBnRwKlgk1I3NSwhdEQGzLc0JpKZIJudPMEnVunjSGlbMeCZ+nsiI9KYsQxtpyQwNIveVPzP81OIroOMx0kKLKbzRVEqMCg8/R/3uWYUxNgSQjW3t2I6JJpQsCmVbAje4svLpHVe9S6rtftapX6Tx1FER+gYnSIPXaE6ukMN1EQUKfSMXtGbA86L8+58zFsLTj5ziP7A+fwBob2Q1w==</latexit>

⇠ k�3
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New physics in the tail

Raise: Isocurvatures, etc…
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Drop: new relativistic species, … Xu et al 2021



Diego Redigolo, Light Dark World 2023 

New features?
New physics in the tail

Raise: Isocurvatures, etc…

Increase of power at all scales!

Today

Important comment full of optimism 

The EFT of LSS gives a calculable model,   
modifying it consistently in the presence of new physics  

gives to cosmology the possibility to discover new physics in precision data  

Drop: new relativistic species, … Xu et al 2021
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Visible sector ~15% of the matter

Dark sector ~85% of the matter

The Dark Sector 

Looking for guiding principles to explore this huge parameter space… 



Diego Redigolo, Light Dark World 2023 

Visible sector ~15% of the matter

Dark sector ~85% of the matter

Example 1: Minimal optimism
1) Visible and dark sector interact via a portal   
2) Dark Matter is produced thermally 
3) We can test it combining terrestrial, cosmological and astrophysical probes 

<latexit sha1_base64="Lj6iQZQvOCcJV5P+Zha/20S8VsM=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4qjNS1I1QdONGqWAf0BmGTJq2ocnMmNwRyzAf4MZfceNCEbd+gDv/xvSx0OqBwOGcc7m5J4gF12DbX1Zubn5hcSm/XFhZXVvfKG5uNXSUKMrqNBKRagVEM8FDVgcOgrVixYgMBGsGg/OR37xjSvMovIFhzDxJeiHvckrASH6x1POvTl19qyCVvkv7HEs/zg4u/dQFdg9pTWSZSdllewz8lzhTUkJT1Pzip9uJaCJZCFQQrduOHYOXEgWcCpYV3ESzmNAB6bG2oSGRTHvp+JgM7xmlg7uRMi8EPFZ/TqREaj2UgUlKAn09643E/7x2At0TL+VhnAAL6WRRNxEYIjxqBne4YhTE0BBCFTd/xbRPFKFg+iuYEpzZk/+SxmHZOSpXriul6tm0jjzaQbtoHznoGFXRBaqhOqLoAT2hF/RqPVrP1pv1PonmrOnMNvoF6+Mba7ub4Q==</latexit>

gN =
p
m�mp/MPl

<latexit sha1_base64="Y0eQQ3EWR/o2Ce1VwQk84EsaNI0=">AAAB63icdVDLSsNAFJ3UV62vqks3g0VwFZLY1HZXdOOygn1AG8pkOk2HzkzCzEQoob/gxoUibv0hd/6Nk7aCih64cDjnXu69J0wYVdpxPqzC2vrG5lZxu7Szu7d/UD486qg4lZi0ccxi2QuRIowK0tZUM9JLJEE8ZKQbTq9zv3tPpKKxuNOzhAQcRYKOKUY6l6JBFA3LFcd2Xf+i7kHH9ny/5jYMqXlew29A13YWqIAVWsPy+2AU45QToTFDSvVdJ9FBhqSmmJF5aZAqkiA8RRHpGyoQJyrIFrfO4ZlRRnAcS1NCw4X6fSJDXKkZD00nR3qifnu5+JfXT/W4HmRUJKkmAi8XjVMGdQzzx+GISoI1mxmCsKTmVognSCKsTTwlE8LXp/B/0vFst2ZXb6uV5tUqjiI4AafgHLjgEjTBDWiBNsBgAh7AE3i2uPVovVivy9aCtZo5Bj9gvX0CeNyOjQ==</latexit>

g � <latexit sha1_base64="cSv6BRRxFNDzDGHAh+uK9E4ohvs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRiyepaD+gDWWz3aRLN5uwOxFK6U/w4kERr/4ib/4bt20O2vpg4PHeDDPzglQKg6777RRWVtfWN4qbpa3tnd298v5B0ySZZrzBEpnodkANl0LxBgqUvJ1qTuNA8lYwvJn6rSeujUjUI45S7sc0UiIUjKKVHqLeXa9ccavuDGSZeDmpQI56r/zV7Scsi7lCJqkxHc9N0R9TjYJJPil1M8NTyoY04h1LFY258cezUyfkxCp9EibalkIyU39PjGlszCgObGdMcWAWvan4n9fJMLzyx0KlGXLF5ovCTBJMyPRv0heaM5QjSyjTwt5K2IBqytCmU7IheIsvL5PmWdW7qJ7fn1dq13kcRTiCYzgFDy6hBrdQhwYwiOAZXuHNkc6L8+58zFsLTj5zCH/gfP4AIKyNtQ==</latexit>gN
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Advertisement
Is the DM the lightest neutral component of an EW multiplet?

Cirelli, Strumia, Fornengo 2005

<latexit sha1_base64="/nefl97TeddY3to2iN1Hj3ziWXE=">AAAB+HicdVDJSgNBEO1xjXFJ1KOXxiB4GmbGJCYHISiCxwhmgWQIPZ1O0qRnobtGjMN8iRcPinj1U7z5N3YWQUUfFDzeq6KqnhcJrsCyPoyl5ZXVtfXMRnZza3snl9/da6owlpQ1aChC2faIYoIHrAEcBGtHkhHfE6zljS+mfuuWScXD4AYmEXN9Mgz4gFMCWurlc8OzYS/pAruD5LKVpr18wTJtu3RScbBlOqVS2a5qUnacaqmKbdOaoYAWqPfy791+SGOfBUAFUapjWxG4CZHAqWBpthsrFhE6JkPW0TQgPlNuMjs8xUda6eNBKHUFgGfq94mE+EpNfE93+gRG6rc3Ff/yOjEMKm7CgygGFtD5okEsMIR4mgLuc8koiIkmhEqub8V0RCShoLPK6hC+PsX/k6Zj2mWzeF0s1M4XcWTQATpEx8hGp6iGrlAdNRBFMXpAT+jZuDcejRfjdd66ZCxm9tEPGG+fiWOTsg==</latexit>g = gEW
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Advertisement
Is the DM the lightest neutral component of an EW multiplet?

Cirelli, Strumia, Fornengo 2005

This question can be potentially be closed by a combination of multiton Xenon experiments + future muon collider,  

Bottaro, Costa et al. 2022Bottaro, Costa et al. 2023

<latexit sha1_base64="/nefl97TeddY3to2iN1Hj3ziWXE=">AAAB+HicdVDJSgNBEO1xjXFJ1KOXxiB4GmbGJCYHISiCxwhmgWQIPZ1O0qRnobtGjMN8iRcPinj1U7z5N3YWQUUfFDzeq6KqnhcJrsCyPoyl5ZXVtfXMRnZza3snl9/da6owlpQ1aChC2faIYoIHrAEcBGtHkhHfE6zljS+mfuuWScXD4AYmEXN9Mgz4gFMCWurlc8OzYS/pAruD5LKVpr18wTJtu3RScbBlOqVS2a5qUnacaqmKbdOaoYAWqPfy791+SGOfBUAFUapjWxG4CZHAqWBpthsrFhE6JkPW0TQgPlNuMjs8xUda6eNBKHUFgGfq94mE+EpNfE93+gRG6rc3Ff/yOjEMKm7CgygGFtD5okEsMIR4mgLuc8koiIkmhEqub8V0RCShoLPK6hC+PsX/k6Zj2mWzeF0s1M4XcWTQATpEx8hGp6iGrlAdNRBFMXpAT+jZuDcejRfjdd66ZCxm9tEPGG+fiWOTsg==</latexit>g = gEW



Diego Redigolo, Light Dark World 2023 

Advertisement
Is the DM the lightest neutral component of an EW multiplet?

Cirelli, Strumia, Fornengo 2005

This question can be potentially be closed by a combination of multiton Xenon experiments + future muon collider,  

Bottaro, Costa et al. 2022Bottaro, Costa et al. 2023

<latexit sha1_base64="/nefl97TeddY3to2iN1Hj3ziWXE=">AAAB+HicdVDJSgNBEO1xjXFJ1KOXxiB4GmbGJCYHISiCxwhmgWQIPZ1O0qRnobtGjMN8iRcPinj1U7z5N3YWQUUfFDzeq6KqnhcJrsCyPoyl5ZXVtfXMRnZza3snl9/da6owlpQ1aChC2faIYoIHrAEcBGtHkhHfE6zljS+mfuuWScXD4AYmEXN9Mgz4gFMCWurlc8OzYS/pAruD5LKVpr18wTJtu3RScbBlOqVS2a5qUnacaqmKbdOaoYAWqPfy791+SGOfBUAFUapjWxG4CZHAqWBpthsrFhE6JkPW0TQgPlNuMjs8xUda6eNBKHUFgGfq94mE+EpNfE93+gRG6rc3Ff/yOjEMKm7CgygGFtD5okEsMIR4mgLuc8koiIkmhEqub8V0RCShoLPK6hC+PsX/k6Zj2mWzeF0s1M4XcWTQATpEx8hGp6iGrlAdNRBFMXpAT+jZuDcejRfjdd66ZCxm9tEPGG+fiWOTsg==</latexit>g = gEW

+indirect detection searches (a lot of work to be done!)
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Visible sector ~15% of the matter

Dark sector ~85% of the matter

Example 2: Minimal pessimism
1) Visible and dark sector interact only gravitationally  
2) Dark Matter is produced non-thermally 
3) Cosmology & astrophysics are the only probes of the dark sector dynamics
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Probing dark forces with LSS

New physics Parameters: 

1) the range of the force 
2) the strength of the force   
3) the fraction of DM interacting  
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A concrete model
<latexit sha1_base64="uMwKBKp98m1h/95hS7eBLwDdDzg=">AAACFXicbVDLSsNAFJ34tr6iLt0Ei+BCSiKibgTRjQsXCvYBTSw302kzdJIMMzdiCfkJN/6KGxeKuBXc+TdOaxfaemDgcM693DknlIJrdN0va2p6ZnZufmGxtLS8srpmr2/UdJopyqo0FalqhKCZ4AmrIkfBGlIxiEPB6mHvfODX75jSPE1usC9ZEEM34R1OAY3Usvf8GDCiIPLLopX7yO4x5wkWxYnfAynBvwMlI+7TiN/ut+yyW3GHcCaJNyJlMsJVy/702ynNYpYgFaB103MlBjko5FSwouRnmkmgPeiypqEJxEwH+TBV4ewYpe10UmVegs5Q/b2RQ6x1Pw7N5CCDHvcG4n9eM8POcWBSygxZQn8OdTLhYOoMKnLaXDGKom8IUMXNXx0agQKKpsiSKcEbjzxJavsV77BycH1QPj0b1bFAtsg22SUeOSKn5IJckSqh5IE8kRfyaj1az9ab9f4zOmWNdjbJH1gf34oYoE0=</latexit>

Lint = '�2



Diego Redigolo, Light Dark World 2023 

A concrete model
<latexit sha1_base64="uMwKBKp98m1h/95hS7eBLwDdDzg=">AAACFXicbVDLSsNAFJ34tr6iLt0Ei+BCSiKibgTRjQsXCvYBTSw302kzdJIMMzdiCfkJN/6KGxeKuBXc+TdOaxfaemDgcM693DknlIJrdN0va2p6ZnZufmGxtLS8srpmr2/UdJopyqo0FalqhKCZ4AmrIkfBGlIxiEPB6mHvfODX75jSPE1usC9ZEEM34R1OAY3Usvf8GDCiIPLLopX7yO4x5wkWxYnfAynBvwMlI+7TiN/ut+yyW3GHcCaJNyJlMsJVy/702ynNYpYgFaB103MlBjko5FSwouRnmkmgPeiypqEJxEwH+TBV4ewYpe10UmVegs5Q/b2RQ6x1Pw7N5CCDHvcG4n9eM8POcWBSygxZQn8OdTLhYOoMKnLaXDGKom8IUMXNXx0agQKKpsiSKcEbjzxJavsV77BycH1QPj0b1bFAtsg22SUeOSKn5IJckSqh5IE8kRfyaj1az9ab9f4zOmWNdjbJH1gf34oYoE0=</latexit>

Lint = '�2

<latexit sha1_base64="99Br9jaeX/ujrdeFJU34sufpPtQ=">AAAB/XicbVDJSgNBEK2JW4zbuNy8NAbBi3EmBPUiBD3oMYJZIBmHnk5P0qRnobsnEIfgr3jxoIhX/8Obf2MnmYNGHxQ83quiqp4XcyaVZX0ZuYXFpeWV/GphbX1jc8vc3mnIKBGE1knEI9HysKSchbSumOK0FQuKA4/Tpje4mvjNIRWSReGdGsXUCXAvZD4jWGnJNfc6QyziPru4duV9emyflMdIumbRKllToL/EzkgRMtRc87PTjUgS0FARjqVs21asnBQLxQin40InkTTGZIB7tK1piAMqnXR6/RgdaqWL/EjoChWaqj8nUhxIOQo83Rlg1Zfz3kT8z2snyj93UhbGiaIhmS3yE45UhCZRoC4TlCg+0gQTwfStiPSxwETpwAo6BHv+5b+kUS7Zp6XKbaVYvcziyMM+HMAR2HAGVbiBGtSBwAM8wQu8Go/Gs/FmvM9ac0Y2swu/YHx8AyLnlGA=</latexit>

' = G�1/2
s s

<latexit sha1_base64="CtbVyAa4m0TorECeQpEiSzN9tyk=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJCYSlJVwFjBAGOR6ENq0shx3daq4xjbqVRFHVj4FRYGEGLlI9j4G9w2A7Qc6UpH59yre+8JBaNKO863tbK6tr6xmdvKb+/s7u3bB4cNFScSkzqOWSxbIVKEUU7qmmpGWkISFIWMNMPh9dRvjohUNOb3eiyIH6E+pz2KkTZSYBduAuWRh4SOoDdEQqBO+SwKPDygnUpgF52SMwNcJm5GiiBDLbC/vG6Mk4hwjRlSqu06QvspkppiRiZ5L1FEIDxEfdI2lKOIKD+dPTGBJ0bpwl4sTXENZ+rviRRFSo2j0HRGSA/UojcV//Paie5d+inlItGE4/miXsKgjuE0EdilkmDNxoYgLKm5FeIBkghrk1vehOAuvrxMGuWSe16q3FWK1assjhwogGNwClxwAargFtRAHWDwCJ7BK3iznqwX6936mLeuWNnMEfgD6/MH2TOXlw==</latexit>

Gs ⌘ 2/m4
�

<latexit sha1_base64="Y5OoUxNYaOi237a4fG3mAgVNyxA=">AAACFHicbVC7SgNBFJ31GeMramkzGISIEHZDUBshaGNhEcE8ILsus5NJMmT2wcxdMSz7ETb+io2FIrYWdv6Nk2QLTTwwcDjnXu6c40WCKzDNb2NhcWl5ZTW3ll/f2NzaLuzsNlUYS8oaNBShbHtEMcED1gAOgrUjyYjvCdbyhpdjv3XPpOJhcAujiDk+6Qe8xykBLbmFY9snMKBEJNepm9jAHiDhAaTpue/adMDvKiV1hKfMLRTNsjkBnidWRoooQ90tfNndkMY+C4AKolTHMiNwEiKBU8HSvB0rFhE6JH3W0TQgPlNOMgmV4kOtdHEvlPoFgCfq742E+EqNfE9PjiOoWW8s/ud1YuidOTpkFAML6PRQLxYYQjxuCHe5ZBTESBNCJdd/xXRAJKGge8zrEqzZyPOkWSlbJ+XqTbVYu8jqyKF9dIBKyEKnqIauUB01EEWP6Bm9ojfjyXgx3o2P6eiCke3soT8wPn8ABYWexA==</latexit>

Lint = m2
�(s)�

2
<latexit sha1_base64="Z795AdkSazsYMtuRs4gpebYOSg8=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFaBHKTCnqRii6cVnBXqAdh0yatqFJZkgyQhkKbnwVNy4UcetLuPNtTNtBtPWHwMd/zuHk/EHEqNKO82VllpZXVtey67mNza3tHXt3r6HCWGJSxyELZStAijAqSF1TzUgrkgTxgJFmMLya1Jv3RCoails9iojHUV/QHsVIG8u3D7jfwQN6Vy6o4sUPuydlVfTtvFNypoKL4KaQB6lqvv3Z6YY45kRozJBSbdeJtJcgqSlmZJzrxIpECA9Rn7QNCsSJ8pLpDWN4bJwu7IXSPKHh1P09kSCu1IgHppMjPVDztYn5X60d6965l1ARxZoIPFvUixnUIZwEArtUEqzZyADCkpq/QjxAEmFtYsuZENz5kxehUS65p6XKTSVfvUzjyIJDcAQKwAVnoAquQQ3UAQYP4Am8gFfr0Xq23qz3WWvGSmf2wR9ZH98Zm5Xj</latexit>

m2
�(s) = m2

�(1 + 2s)
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A concrete model
<latexit sha1_base64="uMwKBKp98m1h/95hS7eBLwDdDzg=">AAACFXicbVDLSsNAFJ34tr6iLt0Ei+BCSiKibgTRjQsXCvYBTSw302kzdJIMMzdiCfkJN/6KGxeKuBXc+TdOaxfaemDgcM693DknlIJrdN0va2p6ZnZufmGxtLS8srpmr2/UdJopyqo0FalqhKCZ4AmrIkfBGlIxiEPB6mHvfODX75jSPE1usC9ZEEM34R1OAY3Usvf8GDCiIPLLopX7yO4x5wkWxYnfAynBvwMlI+7TiN/ut+yyW3GHcCaJNyJlMsJVy/702ynNYpYgFaB103MlBjko5FSwouRnmkmgPeiypqEJxEwH+TBV4ewYpe10UmVegs5Q/b2RQ6x1Pw7N5CCDHvcG4n9eM8POcWBSygxZQn8OdTLhYOoMKnLaXDGKom8IUMXNXx0agQKKpsiSKcEbjzxJavsV77BycH1QPj0b1bFAtsg22SUeOSKn5IJckSqh5IE8kRfyaj1az9ab9f4zOmWNdjbJH1gf34oYoE0=</latexit>

Lint = '�2

<latexit sha1_base64="99Br9jaeX/ujrdeFJU34sufpPtQ=">AAAB/XicbVDJSgNBEK2JW4zbuNy8NAbBi3EmBPUiBD3oMYJZIBmHnk5P0qRnobsnEIfgr3jxoIhX/8Obf2MnmYNGHxQ83quiqp4XcyaVZX0ZuYXFpeWV/GphbX1jc8vc3mnIKBGE1knEI9HysKSchbSumOK0FQuKA4/Tpje4mvjNIRWSReGdGsXUCXAvZD4jWGnJNfc6QyziPru4duV9emyflMdIumbRKllToL/EzkgRMtRc87PTjUgS0FARjqVs21asnBQLxQin40InkTTGZIB7tK1piAMqnXR6/RgdaqWL/EjoChWaqj8nUhxIOQo83Rlg1Zfz3kT8z2snyj93UhbGiaIhmS3yE45UhCZRoC4TlCg+0gQTwfStiPSxwETpwAo6BHv+5b+kUS7Zp6XKbaVYvcziyMM+HMAR2HAGVbiBGtSBwAM8wQu8Go/Gs/FmvM9ac0Y2swu/YHx8AyLnlGA=</latexit>

' = G�1/2
s s

<latexit sha1_base64="CtbVyAa4m0TorECeQpEiSzN9tyk=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJCYSlJVwFjBAGOR6ENq0shx3daq4xjbqVRFHVj4FRYGEGLlI9j4G9w2A7Qc6UpH59yre+8JBaNKO863tbK6tr6xmdvKb+/s7u3bB4cNFScSkzqOWSxbIVKEUU7qmmpGWkISFIWMNMPh9dRvjohUNOb3eiyIH6E+pz2KkTZSYBduAuWRh4SOoDdEQqBO+SwKPDygnUpgF52SMwNcJm5GiiBDLbC/vG6Mk4hwjRlSqu06QvspkppiRiZ5L1FEIDxEfdI2lKOIKD+dPTGBJ0bpwl4sTXENZ+rviRRFSo2j0HRGSA/UojcV//Paie5d+inlItGE4/miXsKgjuE0EdilkmDNxoYgLKm5FeIBkghrk1vehOAuvrxMGuWSe16q3FWK1assjhwogGNwClxwAargFtRAHWDwCJ7BK3iznqwX6936mLeuWNnMEfgD6/MH2TOXlw==</latexit>

Gs ⌘ 2/m4
�

<latexit sha1_base64="Y5OoUxNYaOi237a4fG3mAgVNyxA=">AAACFHicbVC7SgNBFJ31GeMramkzGISIEHZDUBshaGNhEcE8ILsus5NJMmT2wcxdMSz7ETb+io2FIrYWdv6Nk2QLTTwwcDjnXu6c40WCKzDNb2NhcWl5ZTW3ll/f2NzaLuzsNlUYS8oaNBShbHtEMcED1gAOgrUjyYjvCdbyhpdjv3XPpOJhcAujiDk+6Qe8xykBLbmFY9snMKBEJNepm9jAHiDhAaTpue/adMDvKiV1hKfMLRTNsjkBnidWRoooQ90tfNndkMY+C4AKolTHMiNwEiKBU8HSvB0rFhE6JH3W0TQgPlNOMgmV4kOtdHEvlPoFgCfq742E+EqNfE9PjiOoWW8s/ud1YuidOTpkFAML6PRQLxYYQjxuCHe5ZBTESBNCJdd/xXRAJKGge8zrEqzZyPOkWSlbJ+XqTbVYu8jqyKF9dIBKyEKnqIauUB01EEWP6Bm9ojfjyXgx3o2P6eiCke3soT8wPn8ABYWexA==</latexit>

Lint = m2
�(s)�

2
<latexit sha1_base64="Z795AdkSazsYMtuRs4gpebYOSg8=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFaBHKTCnqRii6cVnBXqAdh0yatqFJZkgyQhkKbnwVNy4UcetLuPNtTNtBtPWHwMd/zuHk/EHEqNKO82VllpZXVtey67mNza3tHXt3r6HCWGJSxyELZStAijAqSF1TzUgrkgTxgJFmMLya1Jv3RCoails9iojHUV/QHsVIG8u3D7jfwQN6Vy6o4sUPuydlVfTtvFNypoKL4KaQB6lqvv3Z6YY45kRozJBSbdeJtJcgqSlmZJzrxIpECA9Rn7QNCsSJ8pLpDWN4bJwu7IXSPKHh1P09kSCu1IgHppMjPVDztYn5X60d6965l1ARxZoIPFvUixnUIZwEArtUEqzZyADCkpq/QjxAEmFtYsuZENz5kxehUS65p6XKTSVfvUzjyIJDcAQKwAVnoAquQQ3UAQYP4Am8gFfr0Xq23qz3WWvGSmf2wR9ZH98Zm5Xj</latexit>

m2
�(s) = m2

�(1 + 2s)
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A concrete model
<latexit sha1_base64="uMwKBKp98m1h/95hS7eBLwDdDzg=">AAACFXicbVDLSsNAFJ34tr6iLt0Ei+BCSiKibgTRjQsXCvYBTSw302kzdJIMMzdiCfkJN/6KGxeKuBXc+TdOaxfaemDgcM693DknlIJrdN0va2p6ZnZufmGxtLS8srpmr2/UdJopyqo0FalqhKCZ4AmrIkfBGlIxiEPB6mHvfODX75jSPE1usC9ZEEM34R1OAY3Usvf8GDCiIPLLopX7yO4x5wkWxYnfAynBvwMlI+7TiN/ut+yyW3GHcCaJNyJlMsJVy/702ynNYpYgFaB103MlBjko5FSwouRnmkmgPeiypqEJxEwH+TBV4ewYpe10UmVegs5Q/b2RQ6x1Pw7N5CCDHvcG4n9eM8POcWBSygxZQn8OdTLhYOoMKnLaXDGKom8IUMXNXx0agQKKpsiSKcEbjzxJavsV77BycH1QPj0b1bFAtsg22SUeOSKn5IJckSqh5IE8kRfyaj1az9ab9f4zOmWNdjbJH1gf34oYoE0=</latexit>

Lint = '�2

<latexit sha1_base64="99Br9jaeX/ujrdeFJU34sufpPtQ=">AAAB/XicbVDJSgNBEK2JW4zbuNy8NAbBi3EmBPUiBD3oMYJZIBmHnk5P0qRnobsnEIfgr3jxoIhX/8Obf2MnmYNGHxQ83quiqp4XcyaVZX0ZuYXFpeWV/GphbX1jc8vc3mnIKBGE1knEI9HysKSchbSumOK0FQuKA4/Tpje4mvjNIRWSReGdGsXUCXAvZD4jWGnJNfc6QyziPru4duV9emyflMdIumbRKllToL/EzkgRMtRc87PTjUgS0FARjqVs21asnBQLxQin40InkTTGZIB7tK1piAMqnXR6/RgdaqWL/EjoChWaqj8nUhxIOQo83Rlg1Zfz3kT8z2snyj93UhbGiaIhmS3yE45UhCZRoC4TlCg+0gQTwfStiPSxwETpwAo6BHv+5b+kUS7Zp6XKbaVYvcziyMM+HMAR2HAGVbiBGtSBwAM8wQu8Go/Gs/FmvM9ac0Y2swu/YHx8AyLnlGA=</latexit>

' = G�1/2
s s

<latexit sha1_base64="CtbVyAa4m0TorECeQpEiSzN9tyk=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJCYSlJVwFjBAGOR6ENq0shx3daq4xjbqVRFHVj4FRYGEGLlI9j4G9w2A7Qc6UpH59yre+8JBaNKO863tbK6tr6xmdvKb+/s7u3bB4cNFScSkzqOWSxbIVKEUU7qmmpGWkISFIWMNMPh9dRvjohUNOb3eiyIH6E+pz2KkTZSYBduAuWRh4SOoDdEQqBO+SwKPDygnUpgF52SMwNcJm5GiiBDLbC/vG6Mk4hwjRlSqu06QvspkppiRiZ5L1FEIDxEfdI2lKOIKD+dPTGBJ0bpwl4sTXENZ+rviRRFSo2j0HRGSA/UojcV//Paie5d+inlItGE4/miXsKgjuE0EdilkmDNxoYgLKm5FeIBkghrk1vehOAuvrxMGuWSe16q3FWK1assjhwogGNwClxwAargFtRAHWDwCJ7BK3iznqwX6936mLeuWNnMEfgD6/MH2TOXlw==</latexit>

Gs ⌘ 2/m4
�

<latexit sha1_base64="Y5OoUxNYaOi237a4fG3mAgVNyxA=">AAACFHicbVC7SgNBFJ31GeMramkzGISIEHZDUBshaGNhEcE8ILsus5NJMmT2wcxdMSz7ETb+io2FIrYWdv6Nk2QLTTwwcDjnXu6c40WCKzDNb2NhcWl5ZTW3ll/f2NzaLuzsNlUYS8oaNBShbHtEMcED1gAOgrUjyYjvCdbyhpdjv3XPpOJhcAujiDk+6Qe8xykBLbmFY9snMKBEJNepm9jAHiDhAaTpue/adMDvKiV1hKfMLRTNsjkBnidWRoooQ90tfNndkMY+C4AKolTHMiNwEiKBU8HSvB0rFhE6JH3W0TQgPlNOMgmV4kOtdHEvlPoFgCfq742E+EqNfE9PjiOoWW8s/ud1YuidOTpkFAML6PRQLxYYQjxuCHe5ZBTESBNCJdd/xXRAJKGge8zrEqzZyPOkWSlbJ+XqTbVYu8jqyKF9dIBKyEKnqIauUB01EEWP6Bm9ojfjyXgx3o2P6eiCke3soT8wPn8ABYWexA==</latexit>

Lint = m2
�(s)�

2
<latexit sha1_base64="Z795AdkSazsYMtuRs4gpebYOSg8=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFaBHKTCnqRii6cVnBXqAdh0yatqFJZkgyQhkKbnwVNy4UcetLuPNtTNtBtPWHwMd/zuHk/EHEqNKO82VllpZXVtey67mNza3tHXt3r6HCWGJSxyELZStAijAqSF1TzUgrkgTxgJFmMLya1Jv3RCoails9iojHUV/QHsVIG8u3D7jfwQN6Vy6o4sUPuydlVfTtvFNypoKL4KaQB6lqvv3Z6YY45kRozJBSbdeJtJcgqSlmZJzrxIpECA9Rn7QNCsSJ8pLpDWN4bJwu7IXSPKHh1P09kSCu1IgHppMjPVDztYn5X60d6965l1ARxZoIPFvUixnUIZwEArtUEqzZyADCkpq/QjxAEmFtYsuZENz5kxehUS65p6XKTSVfvUzjyIJDcAQKwAVnoAquQQ3UAQYP4Am8gFfr0Xq23qz3WWvGSmf2wR9ZH98Zm5Xj</latexit>

m2
�(s) = m2

�(1 + 2s)

<latexit sha1_base64="36RI3MLu+r0nTaDc6jTwwhxEQsM="></latexit>

2GsLs = (@s)2 +m2
ss

2 + . . .
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Diego Redigolo, Light Dark World 2023 

A concrete model
<latexit sha1_base64="uMwKBKp98m1h/95hS7eBLwDdDzg=">AAACFXicbVDLSsNAFJ34tr6iLt0Ei+BCSiKibgTRjQsXCvYBTSw302kzdJIMMzdiCfkJN/6KGxeKuBXc+TdOaxfaemDgcM693DknlIJrdN0va2p6ZnZufmGxtLS8srpmr2/UdJopyqo0FalqhKCZ4AmrIkfBGlIxiEPB6mHvfODX75jSPE1usC9ZEEM34R1OAY3Usvf8GDCiIPLLopX7yO4x5wkWxYnfAynBvwMlI+7TiN/ut+yyW3GHcCaJNyJlMsJVy/702ynNYpYgFaB103MlBjko5FSwouRnmkmgPeiypqEJxEwH+TBV4ewYpe10UmVegs5Q/b2RQ6x1Pw7N5CCDHvcG4n9eM8POcWBSygxZQn8OdTLhYOoMKnLaXDGKom8IUMXNXx0agQKKpsiSKcEbjzxJavsV77BycH1QPj0b1bFAtsg22SUeOSKn5IJckSqh5IE8kRfyaj1az9ab9f4zOmWNdjbJH1gf34oYoE0=</latexit>

Lint = '�2

<latexit sha1_base64="99Br9jaeX/ujrdeFJU34sufpPtQ=">AAAB/XicbVDJSgNBEK2JW4zbuNy8NAbBi3EmBPUiBD3oMYJZIBmHnk5P0qRnobsnEIfgr3jxoIhX/8Obf2MnmYNGHxQ83quiqp4XcyaVZX0ZuYXFpeWV/GphbX1jc8vc3mnIKBGE1knEI9HysKSchbSumOK0FQuKA4/Tpje4mvjNIRWSReGdGsXUCXAvZD4jWGnJNfc6QyziPru4duV9emyflMdIumbRKllToL/EzkgRMtRc87PTjUgS0FARjqVs21asnBQLxQin40InkTTGZIB7tK1piAMqnXR6/RgdaqWL/EjoChWaqj8nUhxIOQo83Rlg1Zfz3kT8z2snyj93UhbGiaIhmS3yE45UhCZRoC4TlCg+0gQTwfStiPSxwETpwAo6BHv+5b+kUS7Zp6XKbaVYvcziyMM+HMAR2HAGVbiBGtSBwAM8wQu8Go/Gs/FmvM9ac0Y2swu/YHx8AyLnlGA=</latexit>

' = G�1/2
s s

<latexit sha1_base64="CtbVyAa4m0TorECeQpEiSzN9tyk=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJCYSlJVwFjBAGOR6ENq0shx3daq4xjbqVRFHVj4FRYGEGLlI9j4G9w2A7Qc6UpH59yre+8JBaNKO863tbK6tr6xmdvKb+/s7u3bB4cNFScSkzqOWSxbIVKEUU7qmmpGWkISFIWMNMPh9dRvjohUNOb3eiyIH6E+pz2KkTZSYBduAuWRh4SOoDdEQqBO+SwKPDygnUpgF52SMwNcJm5GiiBDLbC/vG6Mk4hwjRlSqu06QvspkppiRiZ5L1FEIDxEfdI2lKOIKD+dPTGBJ0bpwl4sTXENZ+rviRRFSo2j0HRGSA/UojcV//Paie5d+inlItGE4/miXsKgjuE0EdilkmDNxoYgLKm5FeIBkghrk1vehOAuvrxMGuWSe16q3FWK1assjhwogGNwClxwAargFtRAHWDwCJ7BK3iznqwX6936mLeuWNnMEfgD6/MH2TOXlw==</latexit>

Gs ⌘ 2/m4
�

<latexit sha1_base64="Y5OoUxNYaOi237a4fG3mAgVNyxA=">AAACFHicbVC7SgNBFJ31GeMramkzGISIEHZDUBshaGNhEcE8ILsus5NJMmT2wcxdMSz7ETb+io2FIrYWdv6Nk2QLTTwwcDjnXu6c40WCKzDNb2NhcWl5ZTW3ll/f2NzaLuzsNlUYS8oaNBShbHtEMcED1gAOgrUjyYjvCdbyhpdjv3XPpOJhcAujiDk+6Qe8xykBLbmFY9snMKBEJNepm9jAHiDhAaTpue/adMDvKiV1hKfMLRTNsjkBnidWRoooQ90tfNndkMY+C4AKolTHMiNwEiKBU8HSvB0rFhE6JH3W0TQgPlNOMgmV4kOtdHEvlPoFgCfq742E+EqNfE9PjiOoWW8s/ud1YuidOTpkFAML6PRQLxYYQjxuCHe5ZBTESBNCJdd/xXRAJKGge8zrEqzZyPOkWSlbJ+XqTbVYu8jqyKF9dIBKyEKnqIauUB01EEWP6Bm9ojfjyXgx3o2P6eiCke3soT8wPn8ABYWexA==</latexit>

Lint = m2
�(s)�

2
<latexit sha1_base64="Z795AdkSazsYMtuRs4gpebYOSg8=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFaBHKTCnqRii6cVnBXqAdh0yatqFJZkgyQhkKbnwVNy4UcetLuPNtTNtBtPWHwMd/zuHk/EHEqNKO82VllpZXVtey67mNza3tHXt3r6HCWGJSxyELZStAijAqSF1TzUgrkgTxgJFmMLya1Jv3RCoails9iojHUV/QHsVIG8u3D7jfwQN6Vy6o4sUPuydlVfTtvFNypoKL4KaQB6lqvv3Z6YY45kRozJBSbdeJtJcgqSlmZJzrxIpECA9Rn7QNCsSJ8pLpDWN4bJwu7IXSPKHh1P09kSCu1IgHppMjPVDztYn5X60d6965l1ARxZoIPFvUixnUIZwEArtUEqzZyADCkpq/QjxAEmFtYsuZENz5kxehUS65p6XKTSVfvUzjyIJDcAQKwAVnoAquQQ3UAQYP4Am8gFfr0Xq23qz3WWvGSmf2wR9ZH98Zm5Xj</latexit>

m2
�(s) = m2

�(1 + 2s)

<latexit sha1_base64="36RI3MLu+r0nTaDc6jTwwhxEQsM="></latexit>

2GsLs = (@s)2 +m2
ss

2 + . . . we can neglect scalar self interactions 
<latexit sha1_base64="5gqP36L6XMoW0+BScW+pZYzIT0A=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4KrMSFGXRRd1JRXsAzrDkEkzbWiSGZKMUIbZ+CtuXCji1s9w59+YtrPQ1gOBwzn3cnNOmDCqtON8W6WV1bX1jfJmZWt7Z3fP3j/oqDiVmLRxzGLZC5EijArS1lQz0kskQTxkpBuOb6Z+95FIRWPxoCcJ8TkaChpRjLSRAvuoGWR3uacoh81AeTqGHhWRngR21ak5M8Bl4hakCgq0AvvLG8Q45URozJBSfddJtJ8hqSlmJK94qSIJwmM0JH1DBeJE+dksQA5PjTKAUSzNExrO1N8bGeJKTXhoJjnSI7XoTcX/vH6qoys/oyJJNRF4fihKGTQ5p23AAZUEazYxBGFJzV8hHiGJsDadVUwJ7mLkZdI5r7kXtfp9vdq4Luoog2NwAs6ACy5BA9yCFmgDDHLwDF7Bm/VkvVjv1sd8tGQVO4fgD6zPH2E5lkk=</latexit>

GN ⇠ Gs ! 1
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Diego Redigolo, Light Dark World 2023 

A concrete model
<latexit sha1_base64="uMwKBKp98m1h/95hS7eBLwDdDzg=">AAACFXicbVDLSsNAFJ34tr6iLt0Ei+BCSiKibgTRjQsXCvYBTSw302kzdJIMMzdiCfkJN/6KGxeKuBXc+TdOaxfaemDgcM693DknlIJrdN0va2p6ZnZufmGxtLS8srpmr2/UdJopyqo0FalqhKCZ4AmrIkfBGlIxiEPB6mHvfODX75jSPE1usC9ZEEM34R1OAY3Usvf8GDCiIPLLopX7yO4x5wkWxYnfAynBvwMlI+7TiN/ut+yyW3GHcCaJNyJlMsJVy/702ynNYpYgFaB103MlBjko5FSwouRnmkmgPeiypqEJxEwH+TBV4ewYpe10UmVegs5Q/b2RQ6x1Pw7N5CCDHvcG4n9eM8POcWBSygxZQn8OdTLhYOoMKnLaXDGKom8IUMXNXx0agQKKpsiSKcEbjzxJavsV77BycH1QPj0b1bFAtsg22SUeOSKn5IJckSqh5IE8kRfyaj1az9ab9f4zOmWNdjbJH1gf34oYoE0=</latexit>

Lint = '�2

<latexit sha1_base64="99Br9jaeX/ujrdeFJU34sufpPtQ=">AAAB/XicbVDJSgNBEK2JW4zbuNy8NAbBi3EmBPUiBD3oMYJZIBmHnk5P0qRnobsnEIfgr3jxoIhX/8Obf2MnmYNGHxQ83quiqp4XcyaVZX0ZuYXFpeWV/GphbX1jc8vc3mnIKBGE1knEI9HysKSchbSumOK0FQuKA4/Tpje4mvjNIRWSReGdGsXUCXAvZD4jWGnJNfc6QyziPru4duV9emyflMdIumbRKllToL/EzkgRMtRc87PTjUgS0FARjqVs21asnBQLxQin40InkTTGZIB7tK1piAMqnXR6/RgdaqWL/EjoChWaqj8nUhxIOQo83Rlg1Zfz3kT8z2snyj93UhbGiaIhmS3yE45UhCZRoC4TlCg+0gQTwfStiPSxwETpwAo6BHv+5b+kUS7Zp6XKbaVYvcziyMM+HMAR2HAGVbiBGtSBwAM8wQu8Go/Gs/FmvM9ac0Y2swu/YHx8AyLnlGA=</latexit>

' = G�1/2
s s

<latexit sha1_base64="CtbVyAa4m0TorECeQpEiSzN9tyk=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJCYSlJVwFjBAGOR6ENq0shx3daq4xjbqVRFHVj4FRYGEGLlI9j4G9w2A7Qc6UpH59yre+8JBaNKO863tbK6tr6xmdvKb+/s7u3bB4cNFScSkzqOWSxbIVKEUU7qmmpGWkISFIWMNMPh9dRvjohUNOb3eiyIH6E+pz2KkTZSYBduAuWRh4SOoDdEQqBO+SwKPDygnUpgF52SMwNcJm5GiiBDLbC/vG6Mk4hwjRlSqu06QvspkppiRiZ5L1FEIDxEfdI2lKOIKD+dPTGBJ0bpwl4sTXENZ+rviRRFSo2j0HRGSA/UojcV//Paie5d+inlItGE4/miXsKgjuE0EdilkmDNxoYgLKm5FeIBkghrk1vehOAuvrxMGuWSe16q3FWK1assjhwogGNwClxwAargFtRAHWDwCJ7BK3iznqwX6936mLeuWNnMEfgD6/MH2TOXlw==</latexit>

Gs ⌘ 2/m4
�

<latexit sha1_base64="Y5OoUxNYaOi237a4fG3mAgVNyxA=">AAACFHicbVC7SgNBFJ31GeMramkzGISIEHZDUBshaGNhEcE8ILsus5NJMmT2wcxdMSz7ETb+io2FIrYWdv6Nk2QLTTwwcDjnXu6c40WCKzDNb2NhcWl5ZTW3ll/f2NzaLuzsNlUYS8oaNBShbHtEMcED1gAOgrUjyYjvCdbyhpdjv3XPpOJhcAujiDk+6Qe8xykBLbmFY9snMKBEJNepm9jAHiDhAaTpue/adMDvKiV1hKfMLRTNsjkBnidWRoooQ90tfNndkMY+C4AKolTHMiNwEiKBU8HSvB0rFhE6JH3W0TQgPlNOMgmV4kOtdHEvlPoFgCfq742E+EqNfE9PjiOoWW8s/ud1YuidOTpkFAML6PRQLxYYQjxuCHe5ZBTESBNCJdd/xXRAJKGge8zrEqzZyPOkWSlbJ+XqTbVYu8jqyKF9dIBKyEKnqIauUB01EEWP6Bm9ojfjyXgx3o2P6eiCke3soT8wPn8ABYWexA==</latexit>

Lint = m2
�(s)�

2
<latexit sha1_base64="Z795AdkSazsYMtuRs4gpebYOSg8=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFaBHKTCnqRii6cVnBXqAdh0yatqFJZkgyQhkKbnwVNy4UcetLuPNtTNtBtPWHwMd/zuHk/EHEqNKO82VllpZXVtey67mNza3tHXt3r6HCWGJSxyELZStAijAqSF1TzUgrkgTxgJFmMLya1Jv3RCoails9iojHUV/QHsVIG8u3D7jfwQN6Vy6o4sUPuydlVfTtvFNypoKL4KaQB6lqvv3Z6YY45kRozJBSbdeJtJcgqSlmZJzrxIpECA9Rn7QNCsSJ8pLpDWN4bJwu7IXSPKHh1P09kSCu1IgHppMjPVDztYn5X60d6965l1ARxZoIPFvUixnUIZwEArtUEqzZyADCkpq/QjxAEmFtYsuZENz5kxehUS65p6XKTSVfvUzjyIJDcAQKwAVnoAquQQ3UAQYP4Am8gFfr0Xq23qz3WWvGSmf2wR9ZH98Zm5Xj</latexit>

m2
�(s) = m2

�(1 + 2s)

<latexit sha1_base64="36RI3MLu+r0nTaDc6jTwwhxEQsM="></latexit>

2GsLs = (@s)2 +m2
ss

2 + . . . we can neglect scalar self interactions 
<latexit sha1_base64="5gqP36L6XMoW0+BScW+pZYzIT0A=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4KrMSFGXRRd1JRXsAzrDkEkzbWiSGZKMUIbZ+CtuXCji1s9w59+YtrPQ1gOBwzn3cnNOmDCqtON8W6WV1bX1jfJmZWt7Z3fP3j/oqDiVmLRxzGLZC5EijArS1lQz0kskQTxkpBuOb6Z+95FIRWPxoCcJ8TkaChpRjLSRAvuoGWR3uacoh81AeTqGHhWRngR21ak5M8Bl4hakCgq0AvvLG8Q45URozJBSfddJtJ8hqSlmJK94qSIJwmM0JH1DBeJE+dksQA5PjTKAUSzNExrO1N8bGeJKTXhoJjnSI7XoTcX/vH6qoys/oyJJNRF4fihKGTQ5p23AAZUEazYxBGFJzV8hHiGJsDadVUwJ7mLkZdI5r7kXtfp9vdq4Luoog2NwAs6ACy5BA9yCFmgDDHLwDF7Bm/VkvVjv1sd8tGQVO4fgD6zPH2E5lkk=</latexit>

GN ⇠ Gs ! 1

WORKING ASSUMPTIONS:
<latexit sha1_base64="RMwb0WylYtm9z5UAwAe8ZU6fKDg=">AAACEXicbVC5TgMxEPVyE64FShqLCCkN0S5BQImgoQwSOaRsWHmdSbCwdxd7FhGt8gs0/AoNBQjR0tHxNzhHwfWk0Ty9NyN7XpRKYdDzPp2p6ZnZufmFxcLS8srqmru+UTdJpjnUeCIT3YyYASliqKFACc1UA1ORhEZ0fTr0G7egjUjiC+yn0FasF4uu4AytFLolFZpAgjFGKHoWeoHtcEN97zLfrVQGAcId5hTqg9AtemVvBPqX+BNSJBNUQ/cj6CQ8UxAjl8yYlu+l2M6ZRsElDApBZiBl/Jr1oGVpzBSYdj66aEB3rNKh3UTbipGO1O8bOVPG9FVkJxXDK/PbG4r/ea0Mu0ftXMRphhDz8UPdTFJM6DAe2hEaOMq+JYxrYf9K+RXTjKMNsWBD8H+f/JfU98r+QXn/fL94fDKJY4FskW1SIj45JMfkjFRJjXByTx7JM3lxHpwn59V5G49OOZOdTfIDzvsXS96crw==</latexit>

ms . H0 ' 10�33 eV

<latexit sha1_base64="tiHSm2qeSsms1ZdlAPh0Xlrwy34=">AAACCHicbZC7TsMwFIYdrqXcAowMWFRITCVBFbAgVbAwFolepCaKHNdprdpxsB2kKurIwquwMIAQK4/Axtvgphmg5ZcsffrPOTo+f5gwqrTjfFsLi0vLK6ultfL6xubWtr2z21IilZg0sWBCdkKkCKMxaWqqGekkkiAeMtIOh9eTevuBSEVFfKdHCfE56sc0ohhpYwX2QRR4eEAvPTkQOZ3kxD1FObmHbmBXnKqTC86DW0AFFGoE9pfXEzjlJNaYIaW6rpNoP0NSU8zIuOyliiQID1GfdA3GiBPlZ/khY3hknB6MhDQv1jB3f09kiCs14qHp5EgP1GxtYv5X66Y6uvAzGiepJjGeLopSBrWAk1Rgj0qCNRsZQFhS81eIB0girE12ZROCO3vyPLROq+5ZtXZbq9SvijhKYB8cgmPggnNQBzegAZoAg0fwDF7Bm/VkvVjv1se0dcEqZvbAH1mfPz66mXw=</latexit>

f� = ⇢�/⇢m ' 1

The effect of the new dark force  
can be thought as a field dependent DM mass



Diego Redigolo, Light Dark World 2023 

A concrete model
<latexit sha1_base64="uMwKBKp98m1h/95hS7eBLwDdDzg=">AAACFXicbVDLSsNAFJ34tr6iLt0Ei+BCSiKibgTRjQsXCvYBTSw302kzdJIMMzdiCfkJN/6KGxeKuBXc+TdOaxfaemDgcM693DknlIJrdN0va2p6ZnZufmGxtLS8srpmr2/UdJopyqo0FalqhKCZ4AmrIkfBGlIxiEPB6mHvfODX75jSPE1usC9ZEEM34R1OAY3Usvf8GDCiIPLLopX7yO4x5wkWxYnfAynBvwMlI+7TiN/ut+yyW3GHcCaJNyJlMsJVy/702ynNYpYgFaB103MlBjko5FSwouRnmkmgPeiypqEJxEwH+TBV4ewYpe10UmVegs5Q/b2RQ6x1Pw7N5CCDHvcG4n9eM8POcWBSygxZQn8OdTLhYOoMKnLaXDGKom8IUMXNXx0agQKKpsiSKcEbjzxJavsV77BycH1QPj0b1bFAtsg22SUeOSKn5IJckSqh5IE8kRfyaj1az9ab9f4zOmWNdjbJH1gf34oYoE0=</latexit>

Lint = '�2

<latexit sha1_base64="99Br9jaeX/ujrdeFJU34sufpPtQ=">AAAB/XicbVDJSgNBEK2JW4zbuNy8NAbBi3EmBPUiBD3oMYJZIBmHnk5P0qRnobsnEIfgr3jxoIhX/8Obf2MnmYNGHxQ83quiqp4XcyaVZX0ZuYXFpeWV/GphbX1jc8vc3mnIKBGE1knEI9HysKSchbSumOK0FQuKA4/Tpje4mvjNIRWSReGdGsXUCXAvZD4jWGnJNfc6QyziPru4duV9emyflMdIumbRKllToL/EzkgRMtRc87PTjUgS0FARjqVs21asnBQLxQin40InkTTGZIB7tK1piAMqnXR6/RgdaqWL/EjoChWaqj8nUhxIOQo83Rlg1Zfz3kT8z2snyj93UhbGiaIhmS3yE45UhCZRoC4TlCg+0gQTwfStiPSxwETpwAo6BHv+5b+kUS7Zp6XKbaVYvcziyMM+HMAR2HAGVbiBGtSBwAM8wQu8Go/Gs/FmvM9ac0Y2swu/YHx8AyLnlGA=</latexit>

' = G�1/2
s s

<latexit sha1_base64="CtbVyAa4m0TorECeQpEiSzN9tyk=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJCYSlJVwFjBAGOR6ENq0shx3daq4xjbqVRFHVj4FRYGEGLlI9j4G9w2A7Qc6UpH59yre+8JBaNKO863tbK6tr6xmdvKb+/s7u3bB4cNFScSkzqOWSxbIVKEUU7qmmpGWkISFIWMNMPh9dRvjohUNOb3eiyIH6E+pz2KkTZSYBduAuWRh4SOoDdEQqBO+SwKPDygnUpgF52SMwNcJm5GiiBDLbC/vG6Mk4hwjRlSqu06QvspkppiRiZ5L1FEIDxEfdI2lKOIKD+dPTGBJ0bpwl4sTXENZ+rviRRFSo2j0HRGSA/UojcV//Paie5d+inlItGE4/miXsKgjuE0EdilkmDNxoYgLKm5FeIBkghrk1vehOAuvrxMGuWSe16q3FWK1assjhwogGNwClxwAargFtRAHWDwCJ7BK3iznqwX6936mLeuWNnMEfgD6/MH2TOXlw==</latexit>

Gs ⌘ 2/m4
�

<latexit sha1_base64="Y5OoUxNYaOi237a4fG3mAgVNyxA=">AAACFHicbVC7SgNBFJ31GeMramkzGISIEHZDUBshaGNhEcE8ILsus5NJMmT2wcxdMSz7ETb+io2FIrYWdv6Nk2QLTTwwcDjnXu6c40WCKzDNb2NhcWl5ZTW3ll/f2NzaLuzsNlUYS8oaNBShbHtEMcED1gAOgrUjyYjvCdbyhpdjv3XPpOJhcAujiDk+6Qe8xykBLbmFY9snMKBEJNepm9jAHiDhAaTpue/adMDvKiV1hKfMLRTNsjkBnidWRoooQ90tfNndkMY+C4AKolTHMiNwEiKBU8HSvB0rFhE6JH3W0TQgPlNOMgmV4kOtdHEvlPoFgCfq742E+EqNfE9PjiOoWW8s/ud1YuidOTpkFAML6PRQLxYYQjxuCHe5ZBTESBNCJdd/xXRAJKGge8zrEqzZyPOkWSlbJ+XqTbVYu8jqyKF9dIBKyEKnqIauUB01EEWP6Bm9ojfjyXgx3o2P6eiCke3soT8wPn8ABYWexA==</latexit>

Lint = m2
�(s)�

2
<latexit sha1_base64="Z795AdkSazsYMtuRs4gpebYOSg8=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFaBHKTCnqRii6cVnBXqAdh0yatqFJZkgyQhkKbnwVNy4UcetLuPNtTNtBtPWHwMd/zuHk/EHEqNKO82VllpZXVtey67mNza3tHXt3r6HCWGJSxyELZStAijAqSF1TzUgrkgTxgJFmMLya1Jv3RCoails9iojHUV/QHsVIG8u3D7jfwQN6Vy6o4sUPuydlVfTtvFNypoKL4KaQB6lqvv3Z6YY45kRozJBSbdeJtJcgqSlmZJzrxIpECA9Rn7QNCsSJ8pLpDWN4bJwu7IXSPKHh1P09kSCu1IgHppMjPVDztYn5X60d6965l1ARxZoIPFvUixnUIZwEArtUEqzZyADCkpq/QjxAEmFtYsuZENz5kxehUS65p6XKTSVfvUzjyIJDcAQKwAVnoAquQQ3UAQYP4Am8gFfr0Xq23qz3WWvGSmf2wR9ZH98Zm5Xj</latexit>

m2
�(s) = m2

�(1 + 2s)

<latexit sha1_base64="36RI3MLu+r0nTaDc6jTwwhxEQsM="></latexit>

2GsLs = (@s)2 +m2
ss

2 + . . . we can neglect scalar self interactions 
<latexit sha1_base64="5gqP36L6XMoW0+BScW+pZYzIT0A=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4KrMSFGXRRd1JRXsAzrDkEkzbWiSGZKMUIbZ+CtuXCji1s9w59+YtrPQ1gOBwzn3cnNOmDCqtON8W6WV1bX1jfJmZWt7Z3fP3j/oqDiVmLRxzGLZC5EijArS1lQz0kskQTxkpBuOb6Z+95FIRWPxoCcJ8TkaChpRjLSRAvuoGWR3uacoh81AeTqGHhWRngR21ak5M8Bl4hakCgq0AvvLG8Q45URozJBSfddJtJ8hqSlmJK94qSIJwmM0JH1DBeJE+dksQA5PjTKAUSzNExrO1N8bGeJKTXhoJjnSI7XoTcX/vH6qoys/oyJJNRF4fihKGTQ5p23AAZUEazYxBGFJzV8hHiGJsDadVUwJ7mLkZdI5r7kXtfp9vdq4Luoog2NwAs6ACy5BA9yCFmgDDHLwDF7Bm/VkvVjv1sd8tGQVO4fgD6zPH2E5lkk=</latexit>

GN ⇠ Gs ! 1

WORKING ASSUMPTIONS:
<latexit sha1_base64="RMwb0WylYtm9z5UAwAe8ZU6fKDg=">AAACEXicbVC5TgMxEPVyE64FShqLCCkN0S5BQImgoQwSOaRsWHmdSbCwdxd7FhGt8gs0/AoNBQjR0tHxNzhHwfWk0Ty9NyN7XpRKYdDzPp2p6ZnZufmFxcLS8srqmru+UTdJpjnUeCIT3YyYASliqKFACc1UA1ORhEZ0fTr0G7egjUjiC+yn0FasF4uu4AytFLolFZpAgjFGKHoWeoHtcEN97zLfrVQGAcId5hTqg9AtemVvBPqX+BNSJBNUQ/cj6CQ8UxAjl8yYlu+l2M6ZRsElDApBZiBl/Jr1oGVpzBSYdj66aEB3rNKh3UTbipGO1O8bOVPG9FVkJxXDK/PbG4r/ea0Mu0ftXMRphhDz8UPdTFJM6DAe2hEaOMq+JYxrYf9K+RXTjKMNsWBD8H+f/JfU98r+QXn/fL94fDKJY4FskW1SIj45JMfkjFRJjXByTx7JM3lxHpwn59V5G49OOZOdTfIDzvsXS96crw==</latexit>

ms . H0 ' 10�33 eV

<latexit sha1_base64="tiHSm2qeSsms1ZdlAPh0Xlrwy34=">AAACCHicbZC7TsMwFIYdrqXcAowMWFRITCVBFbAgVbAwFolepCaKHNdprdpxsB2kKurIwquwMIAQK4/Axtvgphmg5ZcsffrPOTo+f5gwqrTjfFsLi0vLK6ultfL6xubWtr2z21IilZg0sWBCdkKkCKMxaWqqGekkkiAeMtIOh9eTevuBSEVFfKdHCfE56sc0ohhpYwX2QRR4eEAvPTkQOZ3kxD1FObmHbmBXnKqTC86DW0AFFGoE9pfXEzjlJNaYIaW6rpNoP0NSU8zIuOyliiQID1GfdA3GiBPlZ/khY3hknB6MhDQv1jB3f09kiCs14qHp5EgP1GxtYv5X66Y6uvAzGiepJjGeLopSBrWAk1Rgj0qCNRsZQFhS81eIB0girE12ZROCO3vyPLROq+5ZtXZbq9SvijhKYB8cgmPggnNQBzegAZoAg0fwDF7Bm/VkvVjv1se0dcEqZvbAH1mfPz66mXw=</latexit>

f� = ⇢�/⇢m ' 1

The force is long range throughout the whole history of the Universe!

The effect of the new dark force  
can be thought as a field dependent DM mass



Diego Redigolo, Light Dark World 2023 

A concrete model
<latexit sha1_base64="uMwKBKp98m1h/95hS7eBLwDdDzg=">AAACFXicbVDLSsNAFJ34tr6iLt0Ei+BCSiKibgTRjQsXCvYBTSw302kzdJIMMzdiCfkJN/6KGxeKuBXc+TdOaxfaemDgcM693DknlIJrdN0va2p6ZnZufmGxtLS8srpmr2/UdJopyqo0FalqhKCZ4AmrIkfBGlIxiEPB6mHvfODX75jSPE1usC9ZEEM34R1OAY3Usvf8GDCiIPLLopX7yO4x5wkWxYnfAynBvwMlI+7TiN/ut+yyW3GHcCaJNyJlMsJVy/702ynNYpYgFaB103MlBjko5FSwouRnmkmgPeiypqEJxEwH+TBV4ewYpe10UmVegs5Q/b2RQ6x1Pw7N5CCDHvcG4n9eM8POcWBSygxZQn8OdTLhYOoMKnLaXDGKom8IUMXNXx0agQKKpsiSKcEbjzxJavsV77BycH1QPj0b1bFAtsg22SUeOSKn5IJckSqh5IE8kRfyaj1az9ab9f4zOmWNdjbJH1gf34oYoE0=</latexit>

Lint = '�2

<latexit sha1_base64="99Br9jaeX/ujrdeFJU34sufpPtQ=">AAAB/XicbVDJSgNBEK2JW4zbuNy8NAbBi3EmBPUiBD3oMYJZIBmHnk5P0qRnobsnEIfgr3jxoIhX/8Obf2MnmYNGHxQ83quiqp4XcyaVZX0ZuYXFpeWV/GphbX1jc8vc3mnIKBGE1knEI9HysKSchbSumOK0FQuKA4/Tpje4mvjNIRWSReGdGsXUCXAvZD4jWGnJNfc6QyziPru4duV9emyflMdIumbRKllToL/EzkgRMtRc87PTjUgS0FARjqVs21asnBQLxQin40InkTTGZIB7tK1piAMqnXR6/RgdaqWL/EjoChWaqj8nUhxIOQo83Rlg1Zfz3kT8z2snyj93UhbGiaIhmS3yE45UhCZRoC4TlCg+0gQTwfStiPSxwETpwAo6BHv+5b+kUS7Zp6XKbaVYvcziyMM+HMAR2HAGVbiBGtSBwAM8wQu8Go/Gs/FmvM9ac0Y2swu/YHx8AyLnlGA=</latexit>

' = G�1/2
s s

<latexit sha1_base64="CtbVyAa4m0TorECeQpEiSzN9tyk=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJCYSlJVwFjBAGOR6ENq0shx3daq4xjbqVRFHVj4FRYGEGLlI9j4G9w2A7Qc6UpH59yre+8JBaNKO863tbK6tr6xmdvKb+/s7u3bB4cNFScSkzqOWSxbIVKEUU7qmmpGWkISFIWMNMPh9dRvjohUNOb3eiyIH6E+pz2KkTZSYBduAuWRh4SOoDdEQqBO+SwKPDygnUpgF52SMwNcJm5GiiBDLbC/vG6Mk4hwjRlSqu06QvspkppiRiZ5L1FEIDxEfdI2lKOIKD+dPTGBJ0bpwl4sTXENZ+rviRRFSo2j0HRGSA/UojcV//Paie5d+inlItGE4/miXsKgjuE0EdilkmDNxoYgLKm5FeIBkghrk1vehOAuvrxMGuWSe16q3FWK1assjhwogGNwClxwAargFtRAHWDwCJ7BK3iznqwX6936mLeuWNnMEfgD6/MH2TOXlw==</latexit>

Gs ⌘ 2/m4
�

<latexit sha1_base64="Y5OoUxNYaOi237a4fG3mAgVNyxA=">AAACFHicbVC7SgNBFJ31GeMramkzGISIEHZDUBshaGNhEcE8ILsus5NJMmT2wcxdMSz7ETb+io2FIrYWdv6Nk2QLTTwwcDjnXu6c40WCKzDNb2NhcWl5ZTW3ll/f2NzaLuzsNlUYS8oaNBShbHtEMcED1gAOgrUjyYjvCdbyhpdjv3XPpOJhcAujiDk+6Qe8xykBLbmFY9snMKBEJNepm9jAHiDhAaTpue/adMDvKiV1hKfMLRTNsjkBnidWRoooQ90tfNndkMY+C4AKolTHMiNwEiKBU8HSvB0rFhE6JH3W0TQgPlNOMgmV4kOtdHEvlPoFgCfq742E+EqNfE9PjiOoWW8s/ud1YuidOTpkFAML6PRQLxYYQjxuCHe5ZBTESBNCJdd/xXRAJKGge8zrEqzZyPOkWSlbJ+XqTbVYu8jqyKF9dIBKyEKnqIauUB01EEWP6Bm9ojfjyXgx3o2P6eiCke3soT8wPn8ABYWexA==</latexit>

Lint = m2
�(s)�

2
<latexit sha1_base64="Z795AdkSazsYMtuRs4gpebYOSg8=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFaBHKTCnqRii6cVnBXqAdh0yatqFJZkgyQhkKbnwVNy4UcetLuPNtTNtBtPWHwMd/zuHk/EHEqNKO82VllpZXVtey67mNza3tHXt3r6HCWGJSxyELZStAijAqSF1TzUgrkgTxgJFmMLya1Jv3RCoails9iojHUV/QHsVIG8u3D7jfwQN6Vy6o4sUPuydlVfTtvFNypoKL4KaQB6lqvv3Z6YY45kRozJBSbdeJtJcgqSlmZJzrxIpECA9Rn7QNCsSJ8pLpDWN4bJwu7IXSPKHh1P09kSCu1IgHppMjPVDztYn5X60d6965l1ARxZoIPFvUixnUIZwEArtUEqzZyADCkpq/QjxAEmFtYsuZENz5kxehUS65p6XKTSVfvUzjyIJDcAQKwAVnoAquQQ3UAQYP4Am8gFfr0Xq23qz3WWvGSmf2wR9ZH98Zm5Xj</latexit>

m2
�(s) = m2

�(1 + 2s)

<latexit sha1_base64="36RI3MLu+r0nTaDc6jTwwhxEQsM="></latexit>

2GsLs = (@s)2 +m2
ss

2 + . . . we can neglect scalar self interactions 
<latexit sha1_base64="5gqP36L6XMoW0+BScW+pZYzIT0A=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4KrMSFGXRRd1JRXsAzrDkEkzbWiSGZKMUIbZ+CtuXCji1s9w59+YtrPQ1gOBwzn3cnNOmDCqtON8W6WV1bX1jfJmZWt7Z3fP3j/oqDiVmLRxzGLZC5EijArS1lQz0kskQTxkpBuOb6Z+95FIRWPxoCcJ8TkaChpRjLSRAvuoGWR3uacoh81AeTqGHhWRngR21ak5M8Bl4hakCgq0AvvLG8Q45URozJBSfddJtJ8hqSlmJK94qSIJwmM0JH1DBeJE+dksQA5PjTKAUSzNExrO1N8bGeJKTXhoJjnSI7XoTcX/vH6qoys/oyJJNRF4fihKGTQ5p23AAZUEazYxBGFJzV8hHiGJsDadVUwJ7mLkZdI5r7kXtfp9vdq4Luoog2NwAs6ACy5BA9yCFmgDDHLwDF7Bm/VkvVjv1sd8tGQVO4fgD6zPH2E5lkk=</latexit>

GN ⇠ Gs ! 1

WORKING ASSUMPTIONS:
<latexit sha1_base64="RMwb0WylYtm9z5UAwAe8ZU6fKDg=">AAACEXicbVC5TgMxEPVyE64FShqLCCkN0S5BQImgoQwSOaRsWHmdSbCwdxd7FhGt8gs0/AoNBQjR0tHxNzhHwfWk0Ty9NyN7XpRKYdDzPp2p6ZnZufmFxcLS8srqmru+UTdJpjnUeCIT3YyYASliqKFACc1UA1ORhEZ0fTr0G7egjUjiC+yn0FasF4uu4AytFLolFZpAgjFGKHoWeoHtcEN97zLfrVQGAcId5hTqg9AtemVvBPqX+BNSJBNUQ/cj6CQ8UxAjl8yYlu+l2M6ZRsElDApBZiBl/Jr1oGVpzBSYdj66aEB3rNKh3UTbipGO1O8bOVPG9FVkJxXDK/PbG4r/ea0Mu0ftXMRphhDz8UPdTFJM6DAe2hEaOMq+JYxrYf9K+RXTjKMNsWBD8H+f/JfU98r+QXn/fL94fDKJY4FskW1SIj45JMfkjFRJjXByTx7JM3lxHpwn59V5G49OOZOdTfIDzvsXS96crw==</latexit>

ms . H0 ' 10�33 eV

<latexit sha1_base64="tiHSm2qeSsms1ZdlAPh0Xlrwy34=">AAACCHicbZC7TsMwFIYdrqXcAowMWFRITCVBFbAgVbAwFolepCaKHNdprdpxsB2kKurIwquwMIAQK4/Axtvgphmg5ZcsffrPOTo+f5gwqrTjfFsLi0vLK6ultfL6xubWtr2z21IilZg0sWBCdkKkCKMxaWqqGekkkiAeMtIOh9eTevuBSEVFfKdHCfE56sc0ohhpYwX2QRR4eEAvPTkQOZ3kxD1FObmHbmBXnKqTC86DW0AFFGoE9pfXEzjlJNaYIaW6rpNoP0NSU8zIuOyliiQID1GfdA3GiBPlZ/khY3hknB6MhDQv1jB3f09kiCs14qHp5EgP1GxtYv5X66Y6uvAzGiepJjGeLopSBrWAk1Rgj0qCNRsZQFhS81eIB0girE12ZROCO3vyPLROq+5ZtXZbq9SvijhKYB8cgmPggnNQBzegAZoAg0fwDF7Bm/VkvVjv1se0dcEqZvbAH1mfPz66mXw=</latexit>

f� = ⇢�/⇢m ' 1

The force is long range throughout the whole history of the Universe!

100% of the DM interacts with the new force

The effect of the new dark force  
can be thought as a field dependent DM mass
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Modification of distances
The DM follows new geodesics accounting for the background evolution of the light scalar



Diego Redigolo, Light Dark World 2023 

Modification of distances
The DM follows new geodesics accounting for the background evolution of the light scalar

<latexit sha1_base64="TSv85RkmNmNY6I76Oxv+/g8Nwws=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRIp6rLooq6kgn1AE8JketMOnTycmRRK6NaNv+LGhSJu/QN3/o3TNgttPXDhcM693HuPn3AmlWV9G4WV1bX1jeJmaWt7Z3fP3D9oyTgVFJo05rHo+EQCZxE0FVMcOokAEvoc2v7weuq3RyAki6N7NU7ADUk/YgGjRGnJM7HjgyIOPKRshJ1AEJrVPTnJqk7CcN27nXhm2apYM+BlYuekjHI0PPPL6cU0DSFSlBMpu7aVKDcjQjHKYVJyUgkJoUPSh66mEQlButnskwk+0UoPB7HQFSk8U39PZCSUchz6ujMkaiAXvan4n9dNVXDpZixKUgURnS8KUo5VjKex4B4TQBUfa0KoYPpWTAdEx6F0eCUdgr348jJpnVXs80r1rlquXeVxFNEROkanyEYXqIZuUAM1EUWP6Bm9ojfjyXgx3o2PeWvByGcO0R8Ynz9EMZoQ</latexit>

� ⌘ Gs

4⇡GN

Enhanced growth of matter fluctuations
<latexit sha1_base64="pcFOJzm8N6mbVVrI1kTp4KAJYqQ="></latexit>

�m(a) ' D⇤CDM

✓
1 +

6

5
� log

a

aeq

◆
�m(aeq)



Diego Redigolo, Light Dark World 2023 

Modification of distances
The DM follows new geodesics accounting for the background evolution of the light scalar

<latexit sha1_base64="TSv85RkmNmNY6I76Oxv+/g8Nwws=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRIp6rLooq6kgn1AE8JketMOnTycmRRK6NaNv+LGhSJu/QN3/o3TNgttPXDhcM693HuPn3AmlWV9G4WV1bX1jeJmaWt7Z3fP3D9oyTgVFJo05rHo+EQCZxE0FVMcOokAEvoc2v7weuq3RyAki6N7NU7ADUk/YgGjRGnJM7HjgyIOPKRshJ1AEJrVPTnJqk7CcN27nXhm2apYM+BlYuekjHI0PPPL6cU0DSFSlBMpu7aVKDcjQjHKYVJyUgkJoUPSh66mEQlButnskwk+0UoPB7HQFSk8U39PZCSUchz6ujMkaiAXvan4n9dNVXDpZixKUgURnS8KUo5VjKex4B4TQBUfa0KoYPpWTAdEx6F0eCUdgr348jJpnVXs80r1rlquXeVxFNEROkanyEYXqIZuUAM1EUWP6Bm9ojfjyXgx3o2PeWvByGcO0R8Ynz9EMZoQ</latexit>

� ⌘ Gs

4⇡GN

Enhanced growth of matter fluctuations
<latexit sha1_base64="pcFOJzm8N6mbVVrI1kTp4KAJYqQ="></latexit>

�m(a) ' D⇤CDM

✓
1 +

6

5
� log

a

aeq

◆
�m(aeq)

the large-log (~8) is due to the long range nature of the force
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How we test this in cosmology?

1) All CMB peaks shift 

2) The power spectrum is rescaled up
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Results
arXiv:2309.11496
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Results

CMB alone suffers from the usual matter-Hubble degeneracy 
which limits the sensitivity  to the dark force strength 

arXiv:2309.11496
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Results

CMB alone suffers from the usual matter-Hubble degeneracy 
which limits the sensitivity  to the dark force strength 

The full shape of the PS breaks this degeneracy

With BOSS full shape = BAO Credit to Pierre Zhang for guidance 
In the use of the PyBird code! 

arXiv:2309.11496
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Results

CMB alone suffers from the usual matter-Hubble degeneracy 
which limits the sensitivity  to the dark force strength 

The full shape of the PS breaks this degeneracy

With BOSS full shape = BAO Credit to Pierre Zhang for guidance 
In the use of the PyBird code! 

Euclid will push further thanks to a better determination of the  
linear bias 

Forecast with FishLSS - Sailer et al  2021

arXiv:2309.11496
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Can we improve further?
<latexit sha1_base64="c/8vL7bfMjG1q5ZeC8iyLfZXbP0="></latexit>

h�g(p)�g(k)�g(q)i = (2⇡)3�(3)(p+ k + q)Bg(p, k, q) Looking at the bispectrum
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Can we improve further?
<latexit sha1_base64="c/8vL7bfMjG1q5ZeC8iyLfZXbP0="></latexit>

h�g(p)�g(k)�g(q)i = (2⇡)3�(3)(p+ k + q)Bg(p, k, q) Looking at the bispectrum

Our modelling of the bispectrum at tree-level  
does not allow to get further information



Diego Redigolo, Light Dark World 2023 

Can we improve further?
<latexit sha1_base64="c/8vL7bfMjG1q5ZeC8iyLfZXbP0="></latexit>

h�g(p)�g(k)�g(q)i = (2⇡)3�(3)(p+ k + q)Bg(p, k, q) Looking at the bispectrum

The 1-loop power spectrum modelling should ameliorate  
the sensitivity further!

D’Amico et al 2023

Our modelling of the bispectrum at tree-level  
does not allow to get further information
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Relative densities and velocities

<latexit sha1_base64="V0LWnRNXdLfprV9YL4mrmPfT4BA="></latexit>

�m(a) ' D⇤CDM

✓
1 +

6

5
�f2

� log a/aeq

◆
�0

<latexit sha1_base64="EEGJMTLD93r+syxA8gMru17Lvwg=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSK+r36Ij3yxWv6s2BV4mfkwrkaPTLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpV1Ji+fq74mMxMZM4tB1xsSOzLI3E//zuqmNroOMyyS1TNLFoigV2Co8ex0PuGbUiokjhGrubsV0RDSh1gVUciH4yy+vktZF1b+s1u5rlfpNHkcRTuAUzsGHK6jDHTSgCRQe4Rle4Q0p9ILe0ceitYDymWP4A/T5A3qbjxQ=</latexit>

f�

WARNING! rough estimate
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Relative densities and velocities

<latexit sha1_base64="V0LWnRNXdLfprV9YL4mrmPfT4BA="></latexit>

�m(a) ' D⇤CDM

✓
1 +

6

5
�f2

� log a/aeq

◆
�0

<latexit sha1_base64="EEGJMTLD93r+syxA8gMru17Lvwg=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSK+r36Ij3yxWv6s2BV4mfkwrkaPTLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpV1Ji+fq74mMxMZM4tB1xsSOzLI3E//zuqmNroOMyyS1TNLFoigV2Co8ex0PuGbUiokjhGrubsV0RDSh1gVUciH4yy+vktZF1b+s1u5rlfpNHkcRTuAUzsGHK6jDHTSgCRQe4Rle4Q0p9ILe0ceitYDymWP4A/T5A3qbjxQ=</latexit>

f�

<latexit sha1_base64="R2oV6uLBWH2pPidl7qtV3mTbNPM=">AAACE3icbVC7SgNBFJ31GeMramkzGASxCLsaH40g2lgqGBPIhmV2cjcZMvtg5q4Qlv0HG3/FxkIRWxs7/8ZJ3EITDwwczjmXO/f4iRQabfvLmpmdm19YLC2Vl1dW19YrG5t3Ok4VhwaPZaxaPtMgRQQNFCihlShgoS+h6Q8uR37zHpQWcXSLwwQ6IetFIhCcoZG8yr7bBYnMU2duoBjPjvLsMHd9QEYDL3N5X+RFIvQqVbtmj0GniVOQKilw7VU+3W7M0xAi5JJp3XbsBDsZUyi4hLzsphoSxgesB21DIxaC7mTjm3K6a5QuDWJlXoR0rP6eyFio9TD0TTJk2NeT3kj8z2unGJx2MhElKULEfxYFqaQY01FBtCsUcJRDQxhXwvyV8j4z3aCpsWxKcCZPniZ3BzXnuFa/qVfPL4o6SmSb7JA94pATck6uyDVpEE4eyBN5Ia/Wo/VsvVnvP9EZq5jZIn9gfXwDtYuesw==</latexit>

�r =
5

3
�f��m

<latexit sha1_base64="Ra6g31vnyLHqrgdUV6+MfTZsd5M=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSwFTyWRoh6LXjxWsB/QhLDZTtqlm03Y3Qih1L/ixYMiXv0h3vw3btsctPXBwOO9GWbmhSlnSjvOt1Xa2Nza3invVvb2Dw6P7OOTrkoySaFDE57IfkgUcCago5nm0E8lkDjk0Asnt3O/9whSsUQ86DwFPyYjwSJGiTZSYFejwKNj5nFQSrEYu45XD+ya03AWwOvELUgNFWgH9pc3TGgWg9CUE6UGrpNqf0qkZpTDrOJlClJCJ2QEA0MFiUH508XxM1w3yhBHiTQlNF6ovyemJFYqj0PTGRM9VqveXPzPG2Q6uvanTKSZBkGXi6KMY53geRJ4yCRQzXNDCJXM3IrpmEhCtcmrYkJwV19eJ92LhnvZaN43a62bIo4yOkVn6By56Aq10B1qow6iKEfP6BW9WU/Wi/VufSxbS1YxU0V/YH3+AK7ilCU=</latexit>

f� . 10% relative densities dominate the signal

WARNING! rough estimate
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Extending the EFT of LSS
Looking  at scales: <latexit sha1_base64="J+ExVwjdHMO1xpNjzW//hWysrKs=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JIURddFN24rGIf0IYwmU7aoZMHMzdiDcFfceNCEbf+hzv/xmmbhbYeuHA4517uvceLBVdgWd9GYWl5ZXWtuF7a2Nza3jF391oqSiRlTRqJSHY8opjgIWsCB8E6sWQk8ARre6Orid++Z1LxKLyDccycgAxC7nNKQEuueTDCt27aA/YA6ZCIKMtqNds1y1bFmgIvEjsnZZSj4ZpfvX5Ek4CFQAVRqmtbMTgpkcCpYFmplygWEzoiA9bVNCQBU046vT7Dx1rpYz+SukLAU/X3REoCpcaBpzsDAkM1703E/7xuAv6Fk/IwToCFdLbITwSGCE+iwH0uGQUx1oRQyfWtmA6JJBR0YCUdgj3/8iJpnVbss0r1plquX+ZxFNEhOkInyEbnqI6uUQM1EUWP6Bm9ojfjyXgx3o2PWWvByGf20R8Ynz85TpUW</latexit>

kRhalo << 1 the galaxy fluctuations should be mapped accounting for relative densities and velocities 
<latexit sha1_base64="8tFzlrK31xeAjdlSdTtQTBQhJSc="></latexit>

�g = b1�m +
b2
2
�2m + bKKijK

ij + . . .



Diego Redigolo, Light Dark World 2023 

Extending the EFT of LSS
Looking  at scales: <latexit sha1_base64="J+ExVwjdHMO1xpNjzW//hWysrKs=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JIURddFN24rGIf0IYwmU7aoZMHMzdiDcFfceNCEbf+hzv/xmmbhbYeuHA4517uvceLBVdgWd9GYWl5ZXWtuF7a2Nza3jF391oqSiRlTRqJSHY8opjgIWsCB8E6sWQk8ARre6Orid++Z1LxKLyDccycgAxC7nNKQEuueTDCt27aA/YA6ZCIKMtqNds1y1bFmgIvEjsnZZSj4ZpfvX5Ek4CFQAVRqmtbMTgpkcCpYFmplygWEzoiA9bVNCQBU046vT7Dx1rpYz+SukLAU/X3REoCpcaBpzsDAkM1703E/7xuAv6Fk/IwToCFdLbITwSGCE+iwH0uGQUx1oRQyfWtmA6JJBR0YCUdgj3/8iJpnVbss0r1plquX+ZxFNEhOkInyEbnqI6uUQM1EUWP6Bm9ojfjyXgx3o2PWWvByGf20R8Ynz85TpUW</latexit>

kRhalo << 1 the galaxy fluctuations should be mapped accounting for relative densities and velocities 
<latexit sha1_base64="8tFzlrK31xeAjdlSdTtQTBQhJSc="></latexit>

�g = b1�m +
b2
2
�2m + bKKijK

ij + . . .

<latexit sha1_base64="E2OIw+us73nzuNy5whrmBkiiqts=">AAACB3icdVDJSgNBEO2JW4xb1KMgjUEQhGFiYqK3oBePEcwCSRh6OjVJk56F7hohhNy8+CtePCji1V/w5t/YWQQVfVDU470quut5sRQaHefDSi0sLi2vpFcza+sbm1vZ7Z26jhLFocYjGammxzRIEUINBUpoxgpY4EloeIPLid+4BaVFFN7gMIZOwHqh8AVnaCQ3u++5ira7IJG56thz29gHZHTWXOVmc45ddMrOaYE6tjPFhJwXiqUSzc+VHJmj6mbf292IJwGEyCXTupV3YuyMmELBJYwz7URDzPiA9aBlaMgC0J3R9I4xPTRKl/qRMhUinarfN0Ys0HoYeGYyYNjXv72J+JfXStA/64xEGCcIIZ895CeSYkQnodCuUMBRDg1hXAnzV8r7TDGOJrqMCeHrUvo/qZ/Y+ZJdvC7mKhfzONJkjxyQI5InZVIhV6RKaoSTO/JAnsizdW89Wi/W62w0Zc13dskPWG+f4QSZWg==</latexit>

br�r + b✓✓r

<latexit sha1_base64="+0qQ10cWM4QKOt1v+c/PzoipqTw=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBU0g1tnorevFYxX5AG8pmu2mXbjZhdyOU0H/gxYMiXv1H3vw3btoIKvpg4PHeDDPz/JgzpR3nwyosLa+srhXXSxubW9s75d29tooSSWiLRDySXR8rypmgLc00p91YUhz6nHb8yVXmd+6pVCwSd3oaUy/EI8ECRrA20m0/HZQrju06defsFDm2M0dGLk7dWg1Vc6UCOZqD8nt/GJEkpEITjpXqVZ1YeymWmhFOZ6V+omiMyQSPaM9QgUOqvHR+6QwdGWWIgkiaEhrN1e8TKQ6Vmoa+6QyxHqvfXib+5fUSHZx7KRNxoqkgi0VBwpGOUPY2GjJJieZTQzCRzNyKyBhLTLQJp2RC+PoU/U/aJ3a1Zrs3bqVxmcdRhAM4hGOoQh0acA1NaAGBAB7gCZ6tifVovVivi9aClc/sww9Yb5/iGo2d</latexit>

{

<latexit sha1_base64="+0qQ10cWM4QKOt1v+c/PzoipqTw=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBU0g1tnorevFYxX5AG8pmu2mXbjZhdyOU0H/gxYMiXv1H3vw3btoIKvpg4PHeDDPz/JgzpR3nwyosLa+srhXXSxubW9s75d29tooSSWiLRDySXR8rypmgLc00p91YUhz6nHb8yVXmd+6pVCwSd3oaUy/EI8ECRrA20m0/HZQrju06defsFDm2M0dGLk7dWg1Vc6UCOZqD8nt/GJEkpEITjpXqVZ1YeymWmhFOZ6V+omiMyQSPaM9QgUOqvHR+6QwdGWWIgkiaEhrN1e8TKQ6Vmoa+6QyxHqvfXib+5fUSHZx7KRNxoqkgi0VBwpGOUPY2GjJJieZTQzCRzNyKyBhLTLQJp2RC+PoU/U/aJ3a1Zrs3bqVxmcdRhAM4hGOoQh0acA1NaAGBAB7gCZ6tifVovVivi9aClc/sww9Yb5/iGo2d</latexit>

{
<latexit sha1_base64="ZwTPjvCvSk44+kbppcIeiFDbfME="></latexit>

bmr�m�r + b�✓�m✓r + br�ri�mvir + bKKijriv
j
r + bKrKij

rirj

r2
�r
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Extending the EFT of LSS
Looking  at scales: <latexit sha1_base64="J+ExVwjdHMO1xpNjzW//hWysrKs=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JIURddFN24rGIf0IYwmU7aoZMHMzdiDcFfceNCEbf+hzv/xmmbhbYeuHA4517uvceLBVdgWd9GYWl5ZXWtuF7a2Nza3jF391oqSiRlTRqJSHY8opjgIWsCB8E6sWQk8ARre6Orid++Z1LxKLyDccycgAxC7nNKQEuueTDCt27aA/YA6ZCIKMtqNds1y1bFmgIvEjsnZZSj4ZpfvX5Ek4CFQAVRqmtbMTgpkcCpYFmplygWEzoiA9bVNCQBU046vT7Dx1rpYz+SukLAU/X3REoCpcaBpzsDAkM1703E/7xuAv6Fk/IwToCFdLbITwSGCE+iwH0uGQUx1oRQyfWtmA6JJBR0YCUdgj3/8iJpnVbss0r1plquX+ZxFNEhOkInyEbnqI6uUQM1EUWP6Bm9ojfjyXgx3o2PWWvByGf20R8Ynz85TpUW</latexit>

kRhalo << 1 the galaxy fluctuations should be mapped accounting for relative densities and velocities 
<latexit sha1_base64="8tFzlrK31xeAjdlSdTtQTBQhJSc="></latexit>

�g = b1�m +
b2
2
�2m + bKKijK

ij + . . .

<latexit sha1_base64="E2OIw+us73nzuNy5whrmBkiiqts=">AAACB3icdVDJSgNBEO2JW4xb1KMgjUEQhGFiYqK3oBePEcwCSRh6OjVJk56F7hohhNy8+CtePCji1V/w5t/YWQQVfVDU470quut5sRQaHefDSi0sLi2vpFcza+sbm1vZ7Z26jhLFocYjGammxzRIEUINBUpoxgpY4EloeIPLid+4BaVFFN7gMIZOwHqh8AVnaCQ3u++5ira7IJG56thz29gHZHTWXOVmc45ddMrOaYE6tjPFhJwXiqUSzc+VHJmj6mbf292IJwGEyCXTupV3YuyMmELBJYwz7URDzPiA9aBlaMgC0J3R9I4xPTRKl/qRMhUinarfN0Ys0HoYeGYyYNjXv72J+JfXStA/64xEGCcIIZ895CeSYkQnodCuUMBRDg1hXAnzV8r7TDGOJrqMCeHrUvo/qZ/Y+ZJdvC7mKhfzONJkjxyQI5InZVIhV6RKaoSTO/JAnsizdW89Wi/W62w0Zc13dskPWG+f4QSZWg==</latexit>

br�r + b✓✓r

<latexit sha1_base64="+0qQ10cWM4QKOt1v+c/PzoipqTw=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBU0g1tnorevFYxX5AG8pmu2mXbjZhdyOU0H/gxYMiXv1H3vw3btoIKvpg4PHeDDPz/JgzpR3nwyosLa+srhXXSxubW9s75d29tooSSWiLRDySXR8rypmgLc00p91YUhz6nHb8yVXmd+6pVCwSd3oaUy/EI8ECRrA20m0/HZQrju06defsFDm2M0dGLk7dWg1Vc6UCOZqD8nt/GJEkpEITjpXqVZ1YeymWmhFOZ6V+omiMyQSPaM9QgUOqvHR+6QwdGWWIgkiaEhrN1e8TKQ6Vmoa+6QyxHqvfXib+5fUSHZx7KRNxoqkgi0VBwpGOUPY2GjJJieZTQzCRzNyKyBhLTLQJp2RC+PoU/U/aJ3a1Zrs3bqVxmcdRhAM4hGOoQh0acA1NaAGBAB7gCZ6tifVovVivi9aClc/sww9Yb5/iGo2d</latexit>

{

<latexit sha1_base64="+0qQ10cWM4QKOt1v+c/PzoipqTw=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBU0g1tnorevFYxX5AG8pmu2mXbjZhdyOU0H/gxYMiXv1H3vw3btoIKvpg4PHeDDPz/JgzpR3nwyosLa+srhXXSxubW9s75d29tooSSWiLRDySXR8rypmgLc00p91YUhz6nHb8yVXmd+6pVCwSd3oaUy/EI8ECRrA20m0/HZQrju06defsFDm2M0dGLk7dWg1Vc6UCOZqD8nt/GJEkpEITjpXqVZ1YeymWmhFOZ6V+omiMyQSPaM9QgUOqvHR+6QwdGWWIgkiaEhrN1e8TKQ6Vmoa+6QyxHqvfXib+5fUSHZx7KRNxoqkgi0VBwpGOUPY2GjJJieZTQzCRzNyKyBhLTLQJp2RC+PoU/U/aJ3a1Zrs3bqVxmcdRhAM4hGOoQh0acA1NaAGBAB7gCZ6tifVovVivi9aClc/sww9Yb5/iGo2d</latexit>

{
<latexit sha1_base64="ZwTPjvCvSk44+kbppcIeiFDbfME="></latexit>

bmr�m�r + b�✓�m✓r + br�ri�mvir + bKKijriv
j
r + bKrKij

rirj

r2
�r

New structures enter in the matter correlators: 

Leading BSM correction to the EFT!
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New Smoking guns

<latexit sha1_base64="WVy+iSAT0mFAkNuSe4cW6KY+43Q="></latexit>

�B(q, k, k0) ⇠ �f2
� log aeqB⇤CDM(q, k, k0) + f���B(q, k, k0)

<latexit sha1_base64="yqA0mKDqbhvQOXV91t/dbghLgWI="></latexit>

�P (k) ⇠ �f2
� log aeqP⇤CDM(k) + f���P (k)
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New Smoking guns

<latexit sha1_base64="WVy+iSAT0mFAkNuSe4cW6KY+43Q="></latexit>

�B(q, k, k0) ⇠ �f2
� log aeqB⇤CDM(q, k, k0) + f���B(q, k, k0)

<latexit sha1_base64="yqA0mKDqbhvQOXV91t/dbghLgWI="></latexit>

�P (k) ⇠ �f2
� log aeqP⇤CDM(k) + f���P (k) Enhanced growth
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New Smoking guns

<latexit sha1_base64="WVy+iSAT0mFAkNuSe4cW6KY+43Q="></latexit>

�B(q, k, k0) ⇠ �f2
� log aeqB⇤CDM(q, k, k0) + f���B(q, k, k0)

<latexit sha1_base64="yqA0mKDqbhvQOXV91t/dbghLgWI="></latexit>

�P (k) ⇠ �f2
� log aeqP⇤CDM(k) + f���P (k)

Relative densities and velocities induce NEW SPATIAL FEATURES
+ VIOLATION OF CONSISTENCY RELATIONS

(violation of the EP)
Peloso et al 2013,  

Creminelli et al. 2013

Enhanced growth
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Looking forward

The exploration of the potential of future LSS surveys  to unveil dark sector dynamics just started 

A lot of theory work is needed to understand how new dynamics modify the structure of cosmological observables 

Maybe the Dark Sector is dark but its dynamics complex
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Backup 
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Euclid will be competitive even without CMB!
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Euclid will be competitive even without CMB!
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The double tracer bispectrum

<latexit sha1_base64="zyYwoLzH5T5BHJxE528gM3qjNEE=">AAACBnicdVDLSsNAFJ34rPVVdSnCYBFchcTGVndtdeGygn1AH2EynbRDJw9mJkIJWbnxV9y4UMSt3+DOv3HSRlDRAxcO59zLvfc4IaNCGsaHtrC4tLyymlvLr29sbm0XdnZbIog4Jk0csIB3HCQIoz5pSioZ6YScIM9hpO1MLlK/fUu4oIF/I6ch6Xto5FOXYiSVZBcOei5HOK4kcTlxbHNQ610SJhF0BnGtntiFoqFbRsU4LUFDN2ZIyXnJKpehmSlFkKFhF957wwBHHvElZkiIrmmEsh8jLilmJMn3IkFChCdoRLqK+sgjoh/P3kjgkVKG0A24Kl/Cmfp9IkaeEFPPUZ0ekmPx20vFv7xuJN2zfkz9MJLEx/NFbsSgDGCaCRxSTrBkU0UQ5lTdCvEYqVykSi6vQvj6FP5PWie6Wdata6tYrWdx5MA+OATHwAQVUAVXoAGaAIM78ACewLN2rz1qL9rrvHVBy2b2wA9ob5+JApiM</latexit>

7

6
bA1 �bAB

<latexit sha1_base64="+0qQ10cWM4QKOt1v+c/PzoipqTw=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBU0g1tnorevFYxX5AG8pmu2mXbjZhdyOU0H/gxYMiXv1H3vw3btoIKvpg4PHeDDPz/JgzpR3nwyosLa+srhXXSxubW9s75d29tooSSWiLRDySXR8rypmgLc00p91YUhz6nHb8yVXmd+6pVCwSd3oaUy/EI8ECRrA20m0/HZQrju06defsFDm2M0dGLk7dWg1Vc6UCOZqD8nt/GJEkpEITjpXqVZ1YeymWmhFOZ6V+omiMyQSPaM9QgUOqvHR+6QwdGWWIgkiaEhrN1e8TKQ6Vmoa+6QyxHqvfXib+5fUSHZx7KRNxoqkgi0VBwpGOUPY2GjJJieZTQzCRzNyKyBhLTLQJp2RC+PoU/U/aJ3a1Zrs3bqVxmcdRhAM4hGOoQh0acA1NaAGBAB7gCZ6tifVovVivi9aClc/sww9Yb5/iGo2d</latexit>

{
The bispectrum has a pole which is zero in 

<latexit sha1_base64="d2dN8RVx8OjsXhw1zf0MuBK2ua4=">AAAB+nicbVDLSsNAFJ3UV62vVJdugkVwVRIRdVmsCxcKFewDmlAmk0k7dDIJMzdqif0UNy4UceuXuPNvnLZZaOuBgcM553LvHD/hTIFtfxuFpeWV1bXiemljc2t7xyzvtlScSkKbJOax7PhYUc4EbQIDTjuJpDjyOW37w/rEb99TqVgs7mCUUC/CfcFCRjBoqWeW3WsdDrAL9BGy+uXNuGdW7Ko9hbVInJxUUI5Gz/xyg5ikERVAOFaq69gJeBmWwAin45KbKppgMsR92tVU4IgqL5uePrYOtRJYYSz1E2BN1d8TGY6UGkW+TkYYBmrem4j/ed0UwnMvYyJJgQoyWxSm3ILYmvRgBUxSAnykCSaS6VstMsASE9BtlXQJzvyXF0nruOqcVk9uTyq1i7yOItpHB+gIOegM1dAVaqAmIugBPaNX9GY8GS/Gu/ExixaMfGYP/YHx+QMYS5Po</latexit>

⇤CDM

Two different tracers are required 
<latexit sha1_base64="JHin4C6m143wKvezbbNjzzxRA4Y="></latexit>

�bAB ⌘ bA1 b̄
B
r � bB1 b̄

A
r

<latexit sha1_base64="SaHAY9RBnTCkNpRG186EMFrYNWE=">AAAB+3icdZDLSgMxFIYz9VbrbaxLN8EiuCoztdV2Uah147KCvUCnlEyaaUMzF5Iz0jL0Vdy4UMStL+LOtzG9CCr6Q+DnO+dwTn43ElyBZX0YqbX1jc2t9HZmZ3dv/8A8zLZUGEvKmjQUoey4RDHBA9YEDoJ1IsmI7wrWdsfX83r7nknFw+AOphHr+WQYcI9TAhr1zWzVcrADbAIJ92YOvqrW+2bOypfKlfJ5BVt5ayFt7EKpoom9Ijm0UqNvvjuDkMY+C4AKolTXtiLoJUQCp4LNMk6sWETomAxZV9uA+Ez1ksXtM3yqyQB7odQvALyg3ycS4is19V3d6RMYqd+1Ofyr1o3BK/cSHkQxsIAuF3mxwBDieRB4wCWjIKbaECq5vhXTEZGEgo4ro0P4+in+37QKefsiX7wt5mr1VRxpdIxO0Bmy0SWqoRvUQE1E0QQ9oCf0bMyMR+PFeF22pozVzBH6IePtE+aVk7w=</latexit>

= 0 if A = B

This is a test of EP: We see two different objects falling differently in the rest frame of the long-mode


