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Sources of cosmological information

Baryon acoustic oscillations
Matter power spectrum at low 

CMB anisotropies

Planck 2018

BOSS 2016
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k [h/Mpc]
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Precision cosmology

For standard cosmological model, Planck constrains parameters to sub-percent level:

Power spectrum information helps to improve precision,  

by breaking geometric degeneracies of CMB (                )

[Planck 1807.06209] 
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H0 vs ⌦m



CMB vs LSS
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NCMB
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NLSS
modes ⇠ k3maxVolume

CMB is a 2D surface
Large Scale Structure (LSS) 

probes a 3D volume

At large    , limited by fluctuations 
of late-time origin
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` At large     , limited by our ability to make  
robust predictions on mildly non-linear scales

<latexit sha1_base64="eeeH5TFZfnPpit6oNyy/nD1xm/o=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUnAxKZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppVyterVJrXpfr1TyOApzDBVyBBzdQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwB0UeM6g==</latexit>

k

<latexit sha1_base64="CKlYZjO/UhTFqswDmdg0bawGzaQ=">AAACAHicdVDLSgMxFM3UV62vqgsXboJFcDVkWlsrbgpu3AgV7AM6Q8mkaRuazAxJRijDbPwVNy4UcetnuPNvzLQVVPTAhcM593LvPX7EmdIIfVi5peWV1bX8emFjc2t7p7i711ZhLAltkZCHsutjRTkLaEszzWk3khQLn9OOP7nM/M4dlYqFwa2eRtQTeBSwISNYG6lfPJDQVUzACnIvXIH1WIrkOiJpv1hCNqpVK+dViOwqcurljJSrDkIV6NhohhJYoNkvvruDkMSCBppwrFTPQZH2Eiw1I5ymBTdWNMJkgke0Z2iABVVeMnsghcdGGcBhKE0FGs7U7xMJFkpNhW86sxvVby8T//J6sR7WvYQFUaxpQOaLhjGHOoRZGnDAJCWaTw3BRDJzKyRjLDHRJrOCCeHrU/g/aZdtp2bXbk5LjfIijjw4BEfgBDjgDDTAFWiCFiAgBQ/gCTxb99aj9WK9zltz1mJmH/yA9fYJGI6WFg==</latexit>

r ⇠ 30 Mpc

[Smith, Ferraro, 1607.01769] [Dodelson, Schmidt, 2020]
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Planck 2018
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Looking ahead: estimate number of modes
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[Sailer, Castorina, Ferraro, White, 2106.09713] 

Very soon, LSS will become competitive with CMB

DESI: first data  
release 2024

Euclid: first data  
release 2025

Marilyn Chung/LBNL ESA
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Looking ahead: estimate number of modes
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[Sailer, Castorina, Ferraro, White, 2106.09713] 

Very soon, LSS will become competitive with CMB

DESI: first data  
release 2024

Euclid: first data  
release 2025

Marilyn Chung/LBNL ESA
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Prospects for a S5 spectroscopic survey are encouraging
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Calculating LSS observables

Fundamental physics makes predictions for

But we observe galaxies (angle and redshift): 
<latexit sha1_base64="EVa2BKzjF7DHICdOMoLqzN1hlGE=">AAACHXicbZDLSsNAFIYn3q23qks3g0WoICURUTeC4MZlBXuBpoST6UkdOpmEmYlQQl7Eja/ixoUiLtyIb+P0stDqgYGP/z+HM+cPU8G1cd0vZ25+YXFpeWW1tLa+sblV3t5p6iRTDBssEYlqh6BRcIkNw43AdqoQ4lBgKxxcjfzWPSrNE3lrhil2Y+hLHnEGxkpB+cTvoTAQ9GnVv0eWD4ojCof0gvqRApZPXCqDfpH7IahcFhaDcsWtueOif8GbQoVMqx6UP/xewrIYpWECtO54bmq6OSjDmcCi5GcaU2AD6GPHooQYdTcfX1fQA6v0aJQo+6ShY/XnRA6x1sM4tJ0xmDs9643E/7xOZqLzbs5lmhmUbLIoygQ1CR1FRXtcITNiaAGY4vavlN2BjcXYQEs2BG/25L/QPK55p7XTm5PK5fE0jhWyR/ZJlXjkjFySa1InDcLIA3kiL+TVeXSenTfnfdI650xndsmvcj6/AeTiodE=</latexit>

�g(~k, a) =
�ng

n̄g

Galaxy overdensities track matter overdensities: systematic expansion

(time-dependent) bias parameters  
encoding physics on halo scales

power spectrum

           galaxy correlators are expressed in terms of correlators of underlying field(s)

<latexit sha1_base64="4zNTboHC3Jq5a6U7uP/QNsQMYXk="></latexit>

h�g(~k1)�g(~k2)i = (2⇡)3�(3)(~k1 + ~k2)Pg(k1)

h�g(~k1)�g(~k2)�g(~k3)i = (2⇡)3�(3)(~k1 + ~k2 + ~k3)Bg(k1, k2, k3)

. . . bispectrum

[our analysis is in redshift space; here show real space for simplicity]

<latexit sha1_base64="gu2PKUwimPZcLSt4CtWrW8NYafs="></latexit>

�g = b1�m +
b2
2
�2m + bK2KijK

ij + . . .

<latexit sha1_base64="OQDMC3t9vd+xPpp639CvZZzfLYw="></latexit>

Kij ⌘ (rirj/r2 � �ij/3)�m
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�m(~k, a) ⌘ �⇢m
⇢̄m



Calculating LSS observables in LCDM

Start from Boltzmann equation for collision-less fluid, in matter domination  

for sub-horizon scales:
<latexit sha1_base64="74c4m8F7d9umCVIuFqJQuMQWljI=">AAACCXicbVA9SwNBEN3z2/gVtbRZDII24U5ELQUbSwVjhFw85jYTs7i7d+7OBUKwtfGv2FgoYus/sPPfuPko/How8Hhvhpl5aa6kozD8DCYmp6ZnZufmSwuLS8sr5dW1C5cVVmBNZCqzlyk4VNJgjSQpvMwtgk4V1tOb44Ff76J1MjPn1MuxqeHayLYUQF5Kynw7pg4SJJrHeFvILo8NpAoSybtXMtE7SbkSVsMh+F8SjUmFjXGalD/iViYKjYaEAucaUZhTsw+WpFB4V4oLhzmIG7jGhqcGNLpmf/jJHd/ySou3M+vLEB+q3yf6oJ3r6dR3aqCO++0NxP+8RkHtw2ZfmrwgNGK0qF0oThkfxMJb0qIg1fMEhJX+Vi46YEGQD6/kQ4h+v/yXXOxWo/3q/tle5Wh3HMcc22CbbJtF7IAdsRN2ympMsHv2yJ7ZS/AQPAWvwduodSIYz6yzHwjevwB5f5mG</latexit>

(✓m ⌘ riv
i
m)

effective stress-energy tensor, 
accounting for short-scale physics 

(not a perfect fluid)
EFT of LSS

[Senatore; Baumann, Nicolis, Zaldarriaga, 
Carrasco, Hertzberg, 2010-2012] 

counterterm

9

<latexit sha1_base64="rlX5kJZcmxtXPapYGeqXcgBvyIc="></latexit>

�0m + ✓m +ri(�mvim) = 0 ,

✓0m +H✓m +
3

2
H

2�m +ri(v
j
mrjv

i
m) =

1

⇢̄m
rirj⌧

ij
e↵

<latexit sha1_base64="2Z8DhzsM4tf/jWxw0K8/a1gApp0="></latexit>

rirj⌧
ij
e↵ = ⇢̄m c2sr2�m + . . .



Perturbative solution has the form

<latexit sha1_base64="fnHWcMmLdNDejYRpznrsmRQxB7k=">AAAC33icbZLPb9MwFMed8GuUXwWOXJ6okBJRqqRF2y5IEyDEcUh0m1S3lus4nVXHiWJnUmXlwoUDCHHl3+LGP8IZp0s3WHmSpa++7+Nn+z3PCym0iaJfnn/t+o2bt3Zud+7cvXf/QffhoyOdVyXjY5bLvDyZU82lUHxshJH8pCg5zeaSH8+Xb5r88RkvtcjVR7Mq+DSjCyVSwahxFun+xgmXhpIMAnzGmV3WfaAhvIK3xMZZHT jdEtEGCOE5YF1lxCrHDetLdKYAC2UAF2WeECtcOq4bMy0ps8lsBEsituoREdY2GOJChLNRDRvVcjMbjMIavxaLDQ8v2uMv628KNVgI74i6eA2J+4Blkhvdv8AUhKTbiwbROmBbxK3ooTYOSfcnTnJWZVwZJqnWkzgqzNTS0ggmed3BleYFZUu64BMnFc24ntr1fGp45pwE0rx0y7Vn7f69w9JM61U2d2RGzam+mmvM/+UmlUn3p1aoojJcsfOD0kqCyaEZNiSi5MzIlROUlcLdFdgpdcMw7kt0XBPiq0/eFkfDQbw72P3wsncQt+3YQU/QUxSgGO2hA/QeHaIxYh72PnlfvK8+9T/73/zv56jvtXseo3/C//EHp2/gJA==</latexit>

�m(~k, a) = D1m(a)�0(~k) +
X

n=2

D1m(a)n
Z nY

i=1

d3ki�0(~ki)

(2⇡)3
(2⇡)3�(3)

⇣
~k �

nX

i=1

~ki
⌘
Fn(~k1, . . . ,~kn)

linear growth factor: 

initial fluctuation, at ~ matter/radiation equality

time- and space-dependences factorize 
All time dep. encoded by linear growth factor

LCDM non-linear kernels 
(mode coupling)

<latexit sha1_base64="hYLmZW1IikRTyhrbIK6SiNw2/bs=">AAACAXicbVDLSgMxFM34rPU16kZwEyxC3ZQZkepGKLQLN0IF+4B2HDJppg1NMkOSEcowbvwVNy4UcetfuPNvTB8LbT1w4XDOvdx7TxAzqrTjfFtLyyura+u5jfzm1vbOrr2331RRIjFp4IhFsh0gRRgVpKGpZqQdS4J4wEgrGFbHfuuBSEUjcadHMfE46gsaUoy0kXz7sOanLs/u067ksFq7yWARncIriHy74JScCeAicWekAGao+/ZXtxfhhBOhMUNKdVwn1l6KpKaYkSzfTRSJER6iPukYKhAnyksnH2TwxCg9GEbSlNBwov6eSBFXasQD08mRHqh5byz+53USHV56KRVxoonA00VhwqCO4DgO2KOSYM1GhiAsqbkV4gGSCGsTWt6E4M6/vEiaZyW3XCrfnhcqziyOHDgCx6AIXHABKuAa1EEDYPAInsEreLOerBfr3fqYti5Zs5kD8AfW5w+cfpUC</latexit>

DCDM
1m (a) = a

[Bernardeau, Colombi, Gaztañaga,  
Scoccimarro 2001]

<latexit sha1_base64="rlX5kJZcmxtXPapYGeqXcgBvyIc="></latexit>

�0m + ✓m +ri(�mvim) = 0 ,

✓0m +H✓m +
3

2
H

2�m +ri(v
j
mrjv

i
m) =

1

⇢̄m
rirj⌧

ij
e↵

Start from Boltzmann equation for collision-less fluid, in matter domination  

for sub-horizon scales:
<latexit sha1_base64="74c4m8F7d9umCVIuFqJQuMQWljI=">AAACCXicbVA9SwNBEN3z2/gVtbRZDII24U5ELQUbSwVjhFw85jYTs7i7d+7OBUKwtfGv2FgoYus/sPPfuPko/How8Hhvhpl5aa6kozD8DCYmp6ZnZufmSwuLS8sr5dW1C5cVVmBNZCqzlyk4VNJgjSQpvMwtgk4V1tOb44Ff76J1MjPn1MuxqeHayLYUQF5Kynw7pg4SJJrHeFvILo8NpAoSybtXMtE7SbkSVsMh+F8SjUmFjXGalD/iViYKjYaEAucaUZhTsw+WpFB4V4oLhzmIG7jGhqcGNLpmf/jJHd/ySou3M+vLEB+q3yf6oJ3r6dR3aqCO++0NxP+8RkHtw2ZfmrwgNGK0qF0oThkfxMJb0qIg1fMEhJX+Vi46YEGQD6/kQ4h+v/yXXOxWo/3q/tle5Wh3HMcc22CbbJtF7IAdsRN2ympMsHv2yJ7ZS/AQPAWvwduodSIYz6yzHwjevwB5f5mG</latexit>

(✓m ⌘ riv
i
m)
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These results enabled perturbative calculation of galaxy correlation functions 
• Modeling of power spectrum and bispectrum at one loop, up to    

• Bias coefficients and counterterms are treated as nuisance parameters  

and fit to data            very robust approach

Full-shape analysis of BOSS data with BBN prior  

adds important new information beyond Planck

<latexit sha1_base64="CFzRmtLsS/s+T16kPEqr0Fe3uAI=">AAACF3icbVDLSsNAFJ34rPUVdelmsAguNCRFqsuCGzdCBfuAJobJdNoOnUnizEQsIX/hxl9x40IRt7rzb5y0WWjrgQuHc+7l3nuCmFGpbPvbWFhcWl5ZLa2V1zc2t7bNnd2WjBKBSRNHLBKdAEnCaEiaiipGOrEgiAeMtIPRRe6374mQNApv1DgmHkeDkPYpRkpLvmmN/NQVHHL0kEFXUk7uoG1V3WM41OVypIaCp1cxzm7TEyfzzYpt2RPAeeIUpAIKNHzzy+1FOOEkVJghKbuOHSsvRUJRzEhWdhNJYoRHaEC6moaIE+mlk78yeKiVHuxHQleo4ET9PZEiLuWYB7ozP1TOern4n9dNVP/cS2kYJ4qEeLqonzCoIpiHBHtUEKzYWBOEBdW3QjxEAmGloyzrEJzZl+dJq2o5Nat2fVqpO0UcJbAPDsARcMAZqINL0ABNgMEjeAav4M14Ml6Md+Nj2rpgFDN74A+Mzx/9c56I</latexit>

kmax ' 0.2hMpc�1

[D’Amico, Donath, Lewandowski, Senatore, Zhang, 2206.08327]

[D’Amico, Lewandowski, Senatore, Zhang + …] 
[Ivanov, Philcox, Simonović, Zaldarriaga + …] 
…

11

Success of LSS program for LCDM



Going BSM

EFT of LSS has been applied with great success within LCDM. 

With DESI & Euclid data in sight, what new physics can be probed?

Examples: drop/rise at small scales, new features in BAO, DM self-interactions, …

<latexit sha1_base64="trEB6q92dKQMSq9Cz7WSZt4o5UI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh4MVjBdMW2lA22027dLMJuxOhlv4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0ylMOi6305hbX1jc6u4XdrZ3ds/KB8eNU2SacZ9lshEt0NquBSK+yhQ8naqOY1DyVvh6Hbmtx65NiJRDzhOeRDTgRKRYBSt5D+RG+L2yhW36s5BVomXkwrkaPTKX91+wrKYK2SSGtPx3BSDCdUomOTTUjczPKVsRAe8Y6miMTfBZH7slJxZpU+iRNtSSObq74kJjY0Zx6HtjCkOzbI3E//zOhlG18FEqDRDrthiUZRJggmZfU76QnOGcmwJZVrYWwkbUk0Z2nxKNgRv+eVV0ryoerVq7f6yUvfyOIpwAqdwDh5cQR3uoAE+MBDwDK/w5ijnxXl3PhatBSefOYY/cD5/AISGjc0=</latexit>

z = 0

<latexit sha1_base64="/ExJTr7aEcUxRJ1ZgL9XBSr09pE=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgQsqMSHVZcOOygn1IO5RMmmlDk0lIMkIZ+hVuXCji1s9x59+YtrPQ1gOBwzn3kntOpDgz1ve/vcLa+sbmVnG7tLO7t39QPjxqGZlqQptEcqk7ETaUs4Q2LbOcdpSmWESctqPx7cxvP1FtmEwe7ETRUOBhwmJGsHXSY09pqaxE43654lf9OdAqCXJSgRyNfvmrN5AkFTSxhGNjuoGvbJhhbRnhdFrqpYYqTMZ4SLuOJlhQE2bzg6fozCkDFEvtXmLRXP29kWFhzEREblJgOzLL3kz8z+umNr4JM5ao1NKELD6KU45cxFl6NGCaEssnjmCimbsVkRHWmFjXUcmVECxHXiWty2pQq9buryr1i7yOIpzAKZxDANdQhztoQBMICHiGV3jztPfivXsfi9GCl+8cwx94nz/CjJBU</latexit>

/ k

<latexit sha1_base64="BIhLKs1RS5XG7WF5m8bg2hEgX0Q=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBg5Zdleqx4MVjBfsB7bZk02wbms2GJKuUpf/DiwdFvPpfvPlvTNs9aOuDgcd7M8zMCyRn2rjut5NbWV1b38hvFra2d3b3ivsHDR0nitA6iXmsWgHWlDNB64YZTltSURwFnDaD0e3Ubz5SpVksHsxYUj/CA8FCRrCxUrcjVSxNjEbd9Pxy0iuW3LI7A1omXkZKkKHWK351+jFJIioM4VjrtudK46dYGUY4nRQ6iaYSkxEe0LalAkdU++ns6gk6sUofhbGyJQyaqb8nUhxpPY4C2xlhM9SL3lT8z2snJrzxUyZkYqgg80VhwpH9cxoB6jNFieFjSzBRzN6KyBArTIwNqmBD8BZfXiaNi7JXKVfur0rVsyyOPBzBMZyCB9dQhTuoQR0IKHiGV3hznpwX5935mLfmnGzmEP7A+fwBKKWSPA==</latexit>

/ k�3
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Going BSM

EFT of LSS has been applied with great success within LCDM. 

With DESI & Euclid data in sight, what new physics can be probed?

Extending EFT of LSS to BSM allows us to use info from full shape of power spectrum 

     robust discovery potential

<latexit sha1_base64="trEB6q92dKQMSq9Cz7WSZt4o5UI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh4MVjBdMW2lA22027dLMJuxOhlv4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0ylMOi6305hbX1jc6u4XdrZ3ds/KB8eNU2SacZ9lshEt0NquBSK+yhQ8naqOY1DyVvh6Hbmtx65NiJRDzhOeRDTgRKRYBSt5D+RG+L2yhW36s5BVomXkwrkaPTKX91+wrKYK2SSGtPx3BSDCdUomOTTUjczPKVsRAe8Y6miMTfBZH7slJxZpU+iRNtSSObq74kJjY0Zx6HtjCkOzbI3E//zOhlG18FEqDRDrthiUZRJggmZfU76QnOGcmwJZVrYWwkbUk0Z2nxKNgRv+eVV0ryoerVq7f6yUvfyOIpwAqdwDh5cQR3uoAE+MBDwDK/w5ijnxXl3PhatBSefOYY/cD5/AISGjc0=</latexit>

z = 0

<latexit sha1_base64="/ExJTr7aEcUxRJ1ZgL9XBSr09pE=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgQsqMSHVZcOOygn1IO5RMmmlDk0lIMkIZ+hVuXCji1s9x59+YtrPQ1gOBwzn3kntOpDgz1ve/vcLa+sbmVnG7tLO7t39QPjxqGZlqQptEcqk7ETaUs4Q2LbOcdpSmWESctqPx7cxvP1FtmEwe7ETRUOBhwmJGsHXSY09pqaxE43654lf9OdAqCXJSgRyNfvmrN5AkFTSxhGNjuoGvbJhhbRnhdFrqpYYqTMZ4SLuOJlhQE2bzg6fozCkDFEvtXmLRXP29kWFhzEREblJgOzLL3kz8z+umNr4JM5ao1NKELD6KU45cxFl6NGCaEssnjmCimbsVkRHWmFjXUcmVECxHXiWty2pQq9buryr1i7yOIpzAKZxDANdQhztoQBMICHiGV3jztPfivXsfi9GCl+8cwx94nz/CjJBU</latexit>

/ k

<latexit sha1_base64="BIhLKs1RS5XG7WF5m8bg2hEgX0Q=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBg5Zdleqx4MVjBfsB7bZk02wbms2GJKuUpf/DiwdFvPpfvPlvTNs9aOuDgcd7M8zMCyRn2rjut5NbWV1b38hvFra2d3b3ivsHDR0nitA6iXmsWgHWlDNB64YZTltSURwFnDaD0e3Ubz5SpVksHsxYUj/CA8FCRrCxUrcjVSxNjEbd9Pxy0iuW3LI7A1omXkZKkKHWK351+jFJIioM4VjrtudK46dYGUY4nRQ6iaYSkxEe0LalAkdU++ns6gk6sUofhbGyJQyaqb8nUhxpPY4C2xlhM9SL3lT8z2snJrzxUyZkYqgg80VhwpH9cxoB6jNFieFjSzBRzN6KyBArTIwNqmBD8BZfXiaNi7JXKVfur0rVsyyOPBzBMZyCB9dQhTuoQR0IKHiGV3hznpwX5935mLfmnGzmEP7A+fwBKKWSPA==</latexit>

/ k�3
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Outline

• Intro: why Large Scale Structure now 

• LSS in the standard cosmological model 

• Beyond the standard model: dark forces 

dark  
matter

mediatordark  
matter[Archidiacono, Castorina, Redigolo, Salvioni 2204.08484] 

[Bottaro, Castorina, Costa, Redigolo, Salvioni 2309.11496] 
+ to appear

14



Dark forces

gravity

(Nightmare) scenario:

Standard Model Dark Sector

But cosmology and astrophysics can still probe nature of dark sector:

gravity

Standard Model Is there a new force 
between DM particles?

DM DM

(DM produced non-thermally) 15



A toy model

DM

scalar mediator
effect of interaction can be seen  
as field-dependent mass for DM

16

<latexit sha1_base64="Ay8MWrV72dpkf5HVIbIUzWwRuCs="></latexit>

2L � �m2
��

2 � '�2

[Damour, Gibbons, Gundlach, 1990] 
[Farrar, Peebles, 2003]



A toy model

DM

scalar mediator
effect of interaction can be seen  
as field-dependent mass for DM

scalar mediatorfield-dependent DM mass

<latexit sha1_base64="Nt74ck2mlfu2K/o+6B3+6JGXiiw=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjJ1+phdwY3LFuwD2qFk0kwbm8kMSUYoQ7/AjQtF3PpJ7vwb04egogcuHM65l3vvCRLOlEbow8ptbG5t7+R3C3v7B4dHxeOTjopTSWibxDyWvQArypmgbc00p71EUhwFnHaD6fXC795TqVgsbvUsoX6Ex4KFjGBtpJYaFkvIRhXPrZUhsivI8dwrQzyv7lYr0LHREiWwRnNYfB+MYpJGVGjCsVJ9ByXaz7DUjHA6LwxSRRNMpnhM+4YKHFHlZ8tD5/DCKCMYxtKU0HCpfp/IcKTULApMZ4T1RP32FuJfXj/VYd3PmEhSTQVZLQpTDnUMF1/DEZOUaD4zBBPJzK2QTLDERJtsCiaEr0/h/6RTtp2qXW25pYa7jiMPzsA5uAQOqIEGuAFN0AYEUPAAnsCzdWc9Wi/W66o1Z61nTsEPWG+fX9mNTg==</latexit>s

17

<latexit sha1_base64="Ay8MWrV72dpkf5HVIbIUzWwRuCs="></latexit>

2L � �m2
��

2 � '�2

<latexit sha1_base64="9QZv6zI1iarzGXipF63NOJxKJnE="></latexit>

2L = �(@�)2 �m2
�(s)�

2
�

1

2Gs
(@s)2 �

1

2Gs
m2

ss
2 +O(1/G2

s)

Define new scalar potential
<latexit sha1_base64="eDOhpGLiP1RUJE4BdSltv3h5QAI=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrmpSpLoRCi50WcE+oI1hMp20QyeTMDMplFDwV9y4UMSt3+HOv3H6WGjrgQuHc+7l3nuChDOlHefbyq2srq1v5DcLW9s7u3v2/kFDxakktE5iHstWgBXlTNC6ZprTViIpjgJOm8HgZuI3h1QqFosHPUqoF+GeYCEjWBvJt48Uuka3vnrM3PPyGHWGWCZ95ttFp+RMgZaJOydFmKPm21+dbkzSiApNOFaq7TqJ9jIsNSOcjgudVNEEkwHu0bahAkdUedn0/DE6NUoXhbE0JTSaqr8nMhwpNYoC0xlh3VeL3kT8z2unOrzyMiaSVFNBZovClCMdo0kWqMskJZqPDMFEMnMrIn0sMdEmsYIJwV18eZk0yiW3UqrcXxSr5XkceTiGEzgDFy6hCndQgzoQyOAZXuHNerJerHfrY9aas+Yzh/AH1ucPWbKUbw==</latexit>

s = G1/2
s '

<latexit sha1_base64="4Uz/5D++3L83VuQSbNhoYm0/rCs=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwVZJSqsuCC11WsA9o0jCZTtqhk0mcmRRKyA+48VfcuFDErXt3/o3TNgttPXDhcM693HuPHzMqlWV9G4W19Y3NreJ2aWd3b//APDxqyygRmLRwxCLR9ZEkjHLSUlQx0o0FQaHPSMcfX8/8zoQISSN+r6YxcUM05DSgGCkteebZjSehQx4SOoFOIBBOnTGKY9SvZmnoOXhE+7XMM8tWxZoDrhI7J2WQo+mZX84gwklIuMIMSdmzrVi5KRKKYkaykpNIEiM8RkPS05SjkEg3nX+TwXOtDGAQCV1cwbn6eyJFoZTT0NedIVIjuezNxP+8XqKCKzelPE4U4XixKEgYVBGcRQMHVBCs2FQThAXVt0I8QjoTpQMs6RDs5ZdXSbtaseuV+l2t3KjmcRTBCTgFF8AGl6ABbkETtAAGj+AZvII348l4Md6Nj0VrwchnjsEfGJ8/YbCbvA==</latexit>

Gs ⌘
2

m4
�

self-scattering of mediator is negligible

[Damour, Gibbons, Gundlach, 1990] 
[Farrar, Peebles, 2003]

<latexit sha1_base64="gWXhIMWfhQtQQmx/hyB/lSVXBFI=">AAACBXicdVBLSwMxGMzWV62vVY96CBbB07J92NZbwYM9VrAP6C5LNs22ocnukmSFsvTixb/ixYMiXv0P3vw3pu0KKjqQMMx8H8mMHzMqlW1/GLmV1bX1jfxmYWt7Z3fP3D/oyigRmHRwxCLR95EkjIako6hipB8LgrjPSM+fXM793i0RkkbhjZrGxOVoFNKAYqS05JnHzhXiHHmphBI6KtK3nEGHMdjybM8s2lb1omFX6nBJzssZqVZgybIXKIIMbc98d4YRTjgJFWZIykHJjpWbIqEoZmRWcBJJYoQnaEQGmoaIE+mmixQzeKqVIQwioU+o4EL9vpEiLuWU+3qSIzWWv725+Jc3SFTQcFMaxokiIV4+FCQM6rTzSuCQCoIVm2qCsKD6rxCPkUBY6eIKuoSvpPB/0i1bpZpVu64Wm3ZWRx4cgRNwBkqgDpqgBdqgAzC4Aw/gCTwb98aj8WK8LkdzRrZzCH7AePsE2zyXfw==</latexit>

�ss!ss ⌧ H0



A toy model

DM

scalar mediator
effect of interaction can be seen  
as field-dependent mass for DM

scalar mediatorfield-dependent DM mass

<latexit sha1_base64="Nt74ck2mlfu2K/o+6B3+6JGXiiw=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjJ1+phdwY3LFuwD2qFk0kwbm8kMSUYoQ7/AjQtF3PpJ7vwb04egogcuHM65l3vvCRLOlEbow8ptbG5t7+R3C3v7B4dHxeOTjopTSWibxDyWvQArypmgbc00p71EUhwFnHaD6fXC795TqVgsbvUsoX6Ex4KFjGBtpJYaFkvIRhXPrZUhsivI8dwrQzyv7lYr0LHREiWwRnNYfB+MYpJGVGjCsVJ9ByXaz7DUjHA6LwxSRRNMpnhM+4YKHFHlZ8tD5/DCKCMYxtKU0HCpfp/IcKTULApMZ4T1RP32FuJfXj/VYd3PmEhSTQVZLQpTDnUMF1/DEZOUaD4zBBPJzK2QTLDERJtsCiaEr0/h/6RTtp2qXW25pYa7jiMPzsA5uAQOqIEGuAFN0AYEUPAAnsCzdWc9Wi/W66o1Z61nTsEPWG+fX9mNTg==</latexit>s
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<latexit sha1_base64="Ay8MWrV72dpkf5HVIbIUzWwRuCs="></latexit>

2L � �m2
��

2 � '�2

<latexit sha1_base64="9QZv6zI1iarzGXipF63NOJxKJnE="></latexit>

2L = �(@�)2 �m2
�(s)�

2
�

1

2Gs
(@s)2 �

1

2Gs
m2

ss
2 +O(1/G2

s)

Define new scalar potential
<latexit sha1_base64="eDOhpGLiP1RUJE4BdSltv3h5QAI=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrmpSpLoRCi50WcE+oI1hMp20QyeTMDMplFDwV9y4UMSt3+HOv3H6WGjrgQuHc+7l3nuChDOlHefbyq2srq1v5DcLW9s7u3v2/kFDxakktE5iHstWgBXlTNC6ZprTViIpjgJOm8HgZuI3h1QqFosHPUqoF+GeYCEjWBvJt48Uuka3vnrM3PPyGHWGWCZ95ttFp+RMgZaJOydFmKPm21+dbkzSiApNOFaq7TqJ9jIsNSOcjgudVNEEkwHu0bahAkdUedn0/DE6NUoXhbE0JTSaqr8nMhwpNYoC0xlh3VeL3kT8z2unOrzyMiaSVFNBZovClCMdo0kWqMskJZqPDMFEMnMrIn0sMdEmsYIJwV18eZk0yiW3UqrcXxSr5XkceTiGEzgDFy6hCndQgzoQyOAZXuHNerJerHfrY9aas+Yzh/AH1ucPWbKUbw==</latexit>

s = G1/2
s '

<latexit sha1_base64="4Uz/5D++3L83VuQSbNhoYm0/rCs=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwVZJSqsuCC11WsA9o0jCZTtqhk0mcmRRKyA+48VfcuFDErXt3/o3TNgttPXDhcM693HuPHzMqlWV9G4W19Y3NreJ2aWd3b//APDxqyygRmLRwxCLR9ZEkjHLSUlQx0o0FQaHPSMcfX8/8zoQISSN+r6YxcUM05DSgGCkteebZjSehQx4SOoFOIBBOnTGKY9SvZmnoOXhE+7XMM8tWxZoDrhI7J2WQo+mZX84gwklIuMIMSdmzrVi5KRKKYkaykpNIEiM8RkPS05SjkEg3nX+TwXOtDGAQCV1cwbn6eyJFoZTT0NedIVIjuezNxP+8XqKCKzelPE4U4XixKEgYVBGcRQMHVBCs2FQThAXVt0I8QjoTpQMs6RDs5ZdXSbtaseuV+l2t3KjmcRTBCTgFF8AGl6ABbkETtAAGj+AZvII348l4Md6Nj0VrwchnjsEfGJ8/YbCbvA==</latexit>

Gs ⌘
2

m4
�

Three parameters 

1. Strength of dark force,  

2. Range of dark force,  

3. Fraction of DM that is interacting, 

<latexit sha1_base64="MS7SdEt1a+L6Iy/MHQFagghUiaY=">AAACCnicbVC7SgNBFJ2NrxhfUUub0SBYhd0QomXAIlYSwTwguyyzk7vJkNmHM7OBsGxt46/YWChi6xfY+TdOHoUmHrhwOOde7r3HizmTyjS/jdza+sbmVn67sLO7t39QPDxqyygRFFo04pHoekQCZyG0FFMcurEAEngcOt7oeup3xiAki8J7NYnBCcggZD6jRGnJLZ7aHiiCbXhI2BjbviA0bbgyS6t2zHDDvc3cYsksmzPgVWItSAkt0HSLX3Y/okkAoaKcSNmzzFg5KRGKUQ5ZwU4kxISOyAB6moYkAOmks1cyfK6VPvYjoStUeKb+nkhJIOUk8HRnQNRQLntT8T+vlyj/yklZGCcKQjpf5CccqwhPc8F9JoAqPtGEUMH0rZgOiY5D6fQKOgRr+eVV0q6UrVq5dlct1SuLOPLoBJ2hC2ShS1RHN6iJWoiiR/SMXtGb8WS8GO/Gx7w1ZyxmjtEfGJ8/mx6aLA==</latexit>

� ⌘ Gs

4⇡GN
<latexit sha1_base64="NKdSo4JZe4QqK4ixOu1m/LGfrHA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR4DXjxGNA9IljA7mU2GzGOZmRXCkk/w4kERr36RN//GSbIHTSxoKKq66e6KEs6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aRqWa0BZRXOluhA3lTNKWZZbTbqIpFhGnnWhyO/c7T1QbpuSjnSY0FHgkWcwItk56EAMzKFf8qr8AWidBTiqQozkof/WHiqSCSks4NqYX+IkNM6wtI5zOSv3U0ASTCR7RnqMSC2rCbHHqDF04ZYhipV1Jixbq74kMC2OmInKdAtuxWfXm4n9eL7XxTZgxmaSWSrJcFKccWYXmf6Mh05RYPnUEE83crYiMscbEunRKLoRg9eV10q5Vg3q1fn9VadTyOIpwBudwCQFcQwPuoAktIDCCZ3iFN497L96797FsLXj5zCn8gff5A124jdI=</latexit>ms

<latexit sha1_base64="PJGFSxXtxftVOA9OP4v9efEIQB0=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWqR4LXjxWsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pG5VqylpUCaW7ITFMcMlallvBuolmJA4F64ST27nfeWLacCUf7DRhQUxGkkecEuukdjTo0zEflCte1VsArxM/JxXI0RyUv/pDRdOYSUsFMabne4kNMqItp4LNSv3UsITQCRmxnqOSxMwE2eLaGb5wyhBHSruSFi/U3xMZiY2ZxqHrjIkdm1VvLv7n9VIb3QQZl0lqmaTLRVEqsFV4/joecs2oFVNHCNXc3YrpmGhCrQuo5ELwV19eJ+1a1a9X6/dXlUYtj6MIZ3AOl+DDNTTgDprQAgqP8Ayv8IYUekHv6GPZWkD5zCn8Afr8AXZvjwY=</latexit>

f�

Here focus on 

• long-range interactions 

• 100% of DM is interacting
<latexit sha1_base64="xTFHHazvR2rGSt2FDq+648X5bgk=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoiUj0WvHisYFuhDWGznbRLdzdxdyPU0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmRSln2njet1NaW9/Y3CpvV3Z29/ar7sFhRyeZotCmCU/UfUQ0cCahbZjhcJ8qICLi0I3G1zO/+whKs0TemUkKgSBDyWJGibFS6FbjsE9HDPc1E/CA/dCteXVvDrxK/ILUUIFW6H71BwnNBEhDOdG653upCXKiDKMcppV+piEldEyG0LNUEgE6yOeHT/GpVQY4TpQtafBc/T2RE6H1RES2UxAz0sveTPzP62UmvgpyJtPMgKSLRXHGsUnwLAU8YAqo4RNLCFXM3orpiChCjc2qYkPwl19eJZ3zut+oN24vak2viKOMjtEJOkM+ukRNdINaqI0oytAzekVvzpPz4rw7H4vWklPMHKE/cD5/AMlfkns=</latexit>

f� ' 1

<latexit sha1_base64="8Dfrwht5QwJFPH0UTta1lY3NI10=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEVzUjWl0W3HRZwT6gHYdMmmlDk8yQZIQyFPwVNy4Ucet3uPNvTNtZaOuBC4dz7uXee8KEM20Q+nYKK6tr6xvFzdLW9s7unrt/0NJxqghtkpjHqhNiTTmTtGmY4bSTKIpFyGk7HN1O/fYjVZrF8t6ME+oLPJAsYgQbKwXukQj0eT1AsMep1poJ6KGHq8AtowqaAS4TLydlkKMRuF+9fkxSQaUhHGvd9VBi/Awrwwink1Iv1TTBZIQHtGupxIJqP5udP4GnVunDKFa2pIEz9fdEhoXWYxHaToHNUC96U/E/r5ua6MbPmExSQyWZL4pSDk0Mp1nAPlOUGD62BBPF7K2QDLHCxNjESjYEb/HlZdK6qHjVSvXuslxDeRxFcAxOwBnwwDWogTpogCYgIAPP4BW8OU/Oi/PufMxbC04+cwj+wPn8AS0PlEs=</latexit>

ms/H0 . 105

<latexit sha1_base64="t0W9WL5VEJfIFdKslaYvPa319Y8="></latexit>

H0 ⇡ 10�33 eV
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<latexit sha1_base64="F+dhzkx0FQOBmkdiXfJHyaVbsy0=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU90tUj0WvPRYwX5IuyzZNNuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh5G7ud5+o0iyWD2aaUF/gkWQRI9hY6VEEGl2hZuAG5YpbdRdA68TLSQVytILy12AYk1RQaQjHWvc9NzF+hpVhhNNZaZBqmmAywSPat1RiQbWfLQ6eoQurDFEUK1vSoIX6eyLDQuupCG2nwGasV725+J/XT01062dMJqmhkiwXRSlHJkbz79GQKUoMn1qCiWL2VkTGWGFibEYlG4K3+vI66dSqXr1av7+uNGp5HEU4g3O4BA9uoAFNaEEbCAh4hld4c5Tz4rw7H8vWgpPPnMIfOJ8/M7CPVA==</latexit>

ms/H0

<latexit sha1_base64="QBoNeAA8ccTjOAHqZhLFdY4Q20Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSS3w850kG15tbdBcg68QpSgwKtQfWrP0xYFnOFTFJjep6bYpBTjYJJPqv0M8NTyiZ0xHuWKhpzE+SLY2fkwipDEiXalkKyUH9P5DQ2ZhqHtjOmODar3lz8z+tlGN0GuVBphlyx5aIokwQTMv+cDIXmDOXUEsq0sLcSNqaaMrT5VGwI3urL66R9Vfca9cbDda3ZKOIowxmcwyV4cANNuIcW+MBAwDO8wpujnBfn3flYtpacYuYU/sD5/AHDzI6j</latexit>

�

Planck

+ BOSS BAO

+ Euclid

+ MegaMapper

95% CL

68% CL

Full-shape of power spectrum will probe strength of new forces  

at least down to 0.002 x gravity

[Bottaro, Castorina, Costa, Redigolo, Salvioni to appear]

Mediator is a fraction of DM today

Mediator is massless 
at all times

DESI BAO ?

*preliminary*
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<latexit sha1_base64="F+dhzkx0FQOBmkdiXfJHyaVbsy0=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU90tUj0WvPRYwX5IuyzZNNuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh5G7ud5+o0iyWD2aaUF/gkWQRI9hY6VEEGl2hZuAG5YpbdRdA68TLSQVytILy12AYk1RQaQjHWvc9NzF+hpVhhNNZaZBqmmAywSPat1RiQbWfLQ6eoQurDFEUK1vSoIX6eyLDQuupCG2nwGasV725+J/XT01062dMJqmhkiwXRSlHJkbz79GQKUoMn1qCiWL2VkTGWGFibEYlG4K3+vI66dSqXr1av7+uNGp5HEU4g3O4BA9uoAFNaEEbCAh4hld4c5Tz4rw7H8vWgpPPnMIfOJ8/M7CPVA==</latexit>

ms/H0

<latexit sha1_base64="QBoNeAA8ccTjOAHqZhLFdY4Q20Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSS3w850kG15tbdBcg68QpSgwKtQfWrP0xYFnOFTFJjep6bYpBTjYJJPqv0M8NTyiZ0xHuWKhpzE+SLY2fkwipDEiXalkKyUH9P5DQ2ZhqHtjOmODar3lz8z+tlGN0GuVBphlyx5aIokwQTMv+cDIXmDOXUEsq0sLcSNqaaMrT5VGwI3urL66R9Vfca9cbDda3ZKOIowxmcwyV4cANNuIcW+MBAwDO8wpujnBfn3flYtpacYuYU/sD5/AHDzI6j</latexit>

�

Planck

+ BOSS BAO

+ Euclid

+ MegaMapper

[Bottaro, Castorina, Costa, Redigolo, Salvioni to appear]

Mediator is a fraction of DM today

Mediator is massless 
at all times

DESI BAO ?

*preliminary*

<latexit sha1_base64="E27BLT2/sWndUP9Jg2Uhgi0kdf4=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFRLpc1dw02UF+4A2hMl00g6dmYSZSaGE/okbF4q49U/c+TdO2wgqeuDC4Zx7ufeeMGFUadf9sApb2zu7e8X90sHh0fGJfXrWU3EqMenimMVyECJFGBWkq6lmZJBIgnjISD+c3a78/pxIRWNxrxcJ8TmaCBpRjLSRAtvmgYIjRpRSlMN24AZ22XWqrtesNuGG1Cs5qVWh57hrlEGOTmC/j8YxTjkRGjOk1NBzE+1nSGqKGVmWRqkiCcIzNCFDQwXiRPnZ+vIlvDLKGEaxNCU0XKvfJzLElVrw0HRypKfqt7cS//KGqY4afkZFkmoi8GZRlDKoY7iKAY6pJFizhSEIS2puhXiKJMLahFUyIXx9Cv8nvRvHqzm1u0q51cjjKIILcAmugQfqoAXaoAO6AIM5eABP4NnKrEfrxXrdtBasfOYc/ID19gkXspNP</latexit>

ms . H0



Evolution of scalar background

is sourced by DM density,
<latexit sha1_base64="TNpC30DbpPVUKwoPLcFdZMWEbvg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6perVprXlfqtTyOIpzBOVyCBzdQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4A3puM9g==</latexit>s

<latexit sha1_base64="zh7NLWgZdKayfnVXQ+iiKQOsI24=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKezmED0GvHiMYB6QxDA725sMmZ1dZnqVZcl/ePGgiFf/xZt/4+Rx0MSChqKqm+4uP5HCoOt+O4WNza3tneJuaW//4PCofHzSNnGqObR4LGPd9ZkBKRS0UKCEbqKBRb6Ejj+5mfmdR9BGxOoeswQGERspEQrO0EoPoECPMhqAMgKzYbniVt056DrxlqRClmgOy1/9IOZpBAq5ZMb0PDfBQc40Ci5hWuqnBhLGJ2wEPUsVi8AM8vnVU3phlYCGsbalkM7V3xM5i4zJIt92RgzHZtWbif95vRTD60EuVJIiKL5YFKaSYkxnEdBAaOAo7duCcS3srZSPmWYcbVAlG4K3+vI6adeqXr1av6tVGrVlHEVyRs7JJfHIFWmQW9IkLcKJJs/klbw5T86L8+58LFoLznLmlPyB8/kDyOySqQ==</latexit>

energy density
<latexit sha1_base64="wNpxTcdyRRR+tZZaqGUQxcLKxr8=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEInkrSQ/VY8OKxgv2ANpTNdtIu3Wzi7kYooX/CiwdFvPp3vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjsbm1vbO7ulvfL+weHRceXktKPjVDFss1jEqhdQjYJLbBtuBPYShTQKBHaD6W1e7z6h0jyWD2aWoB/RseQhZ9RYqxcqynIYVqpuzV2IrINXQBUKtYaVr8EoZmmE0jBBte57bmL8jCrDmcB5eZBqTCib0jH2LUoaofazxb5zcmmdEQljZZ80ZOH+nshopPUsCmxnRM1Er9Zy879aPzXhjZ9xmaQGJVt+FKaCmJjkx5MRV8iMmFmgTHG7K2ETmmdgIyrbELzVk9ehU695jVrjvl5t1os4SnAOF3AFHlxDE+6gBW1gIOAZXuHNeXRenHfnY9m64RQzZ/BHzucPSxeQGQ==</latexit>

fraction

Dominated by kinetic energy at all times, 
<latexit sha1_base64="fLk4IEj7bqbuzkGNn9jkItdpp/E=">AAACIHicbVBNS8MwGE79nPOr6tFLcAiCMNshmxdh4MXjBPcBaylplm5haVOTVBmlP8WLf8WLB0X0pr/GdOtBNx8IPHme903e9/FjRqWyrC9jaXlldW29tFHe3Nre2TX39juSJwKTNuaMi56PJGE0Im1FFSO9WBAU+ox0/fFV7nfviZCUR7dqEhM3RMOIBhQjpSXPbDx4El5Ch+ui/I3UCZEaYcTSVpZp6ww6PhKpI0Y8vzqShuQOntqeWbGq1hRwkdgFqYACLc/8dAYcJyGJFGZIyr5txcpNkVAUM5KVnUSSGOExGpK+phEKiXTT6YIZPNbKAAZc6BMpOFV/d6QolHIS+royH1/Oe7n4n9dPVHDhpjSKE0UiPPsoSBhUHOZpwQEVBCs20QRhQfWsEI+QQFjpTMs6BHt+5UXSqVXterV+c15p1oo4SuAQHIETYIMGaIJr0AJtgMEjeAav4M14Ml6Md+NjVrpkFD0H4A+M7x+AkqMg</latexit>

ws = Ps/⇢̄s ' +1

time
Present density is subleading effect, 

    is only a force mediator 
<latexit sha1_base64="TNpC30DbpPVUKwoPLcFdZMWEbvg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6perVprXlfqtTyOIpzBOVyCBzdQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4A3puM9g==</latexit>s

<latexit sha1_base64="aZLpfpmME+Dc45YfZdUNwWTNB/A=">AAAB+3icdVDLSgMxFM3UV62vsS7dBItQN0NG+rC7gpsuK9gHtMOQSTNtaDIzJBmxlP6KGxeKuPVH3Pk3pu0IKnrgwuGce7n3niDhTGmEPqzcxubW9k5+t7C3f3B4ZB8XuypOJaEdEvNY9gOsKGcR7WimOe0nkmIRcNoLptdLv3dHpWJxdKtnCfUEHkcsZARrI/l2sSx8BYecKqWYgC0fXfh2CTlV5DaqDbgm9UpGalXoOmiFEsjQ9u334SgmqaCRJhwrNXBRor05lpoRTheFYapogskUj+nA0AgLqrz56vYFPDfKCIaxNBVpuFK/T8yxUGomAtMpsJ6o395S/MsbpDq88uYsSlJNI7JeFKYc6hgug4AjJinRfGYIJpKZWyGZYImJNnEVTAhfn8L/SffScWtO7aZSaqIsjjw4BWegDFxQB03QAm3QAQTcgwfwBJ6thfVovViv69aclc2cgB+w3j4B4qyTrA==</latexit>

(ms . H0)

<latexit sha1_base64="vxsgM6IlmJ39GcvYy36S3eoXHMA=">AAAB83icbVBNSwMxEM3Wr1q/qh69BIvgqewWqV6EghePFewHdJeSTWfb0Gx2SWaFUvo3vHhQxKt/xpv/xrTdg7Y+GObx3gyZvDCVwqDrfjuFjc2t7Z3ibmlv/+DwqHx80jZJpjm0eCIT3Q2ZASkUtFCghG6qgcWhhE44vpv7nSfQRiTqEScpBDEbKhEJztBKvh8CMnpL3apb65crti1A14mXkwrJ0eyXv/xBwrMYFHLJjOl5borBlGkUXMKs5GcGUsbHbAg9SxWLwQTTxc0zemGVAY0SbUshXai/N6YsNmYSh3YyZjgyq95c/M/rZRjdBFOh0gxB8eVDUSYpJnQeAB0IDRzlxBLGtbC3Uj5imnG0MZVsCN7ql9dJu1b16tX6w1Wl4eZxFMkZOSeXxCPXpEHuSZO0CCcpeSav5M3JnBfn3flYjhacfOeU/IHz+QO2kpAg</latexit>

� = 0.02

[Damour, Gibbons, Gundlach 1990] 
[Farrar, Peebles 2003] 21

<latexit sha1_base64="kWNRGr8wjqFm3azRMofzlir4D0o="></latexit>

s̄00 + 2Hs̄0 + a2m2
s s̄+Gsa

2⇢̄� = 0



Main physical effects

1)  Modified background evolution impacts cosmological distances:

DM transfers  
energy to scalar 

DM energy density  
redshifts faster

<latexit sha1_base64="J34WCySapx90gnzO+gkgDNtcCtI="></latexit>

⇢̄� / a�(3+�f�)

<latexit sha1_base64="yTo5Nnfr7XiTD+rcxQc+JwBLmb4="></latexit>

H

HCDM
= 1�

�f
2
�

2
log

a

aeq

<latexit sha1_base64="XzRzRGnHlNxAJ+ayqJuURjklE80=">AAACDnicbVDLSsNAFJ34rPUVdelmsBQqaEmKVJcFN11WsA9oYplMJu3QySTMTIQa+gVu/BU3LhRx69qdf+OkzUJbD1w4nHsv957jxYxKZVnfxsrq2vrGZmGruL2zu7dvHhx2ZJQITNo4YpHoeUgSRjlpK6oY6cWCoNBjpOuNr7N+954ISSN+qyYxcUM05DSgGCktDcyyEyI1EmHq61uIYzJ1zioPp9CJRRSrCDbv0nN7OjBLVtWaAS4TOyclkKM1ML8cP8JJSLjCDEnZt61YuSkSimJGpkUnkSRGeIyGpK8pRyGRbjqzM4VlrfgwiIQuruBM/b2RolDKSejpyex5udjLxP96/UQFV25KeZwowvH8UJAwqH1m2UCfCoIVm2iCsKD6V4hHSCCsdIJFHYK9aHmZdGpVu16t31yUGrU8jgI4BiegAmxwCRqgCVqgDTB4BM/gFbwZT8aL8W58zEdXjHznCPyB8fkDrN2bzw==</latexit>

distance (z) / H
�1

large log (~ 8 at small redshift)  
due to long-range nature of force

2)  Enhanced growth of matter fluctuations

<latexit sha1_base64="zmOJV1kzuZImB9//aiNd3n8lGjk=">AAACDHicbVDNSgMxGPy2/tX6V/XoJViEerDsilQvQsGLxwq2FrpLyWazbWg2uyRZoSx9AC++ihcPinj1Abz5NqbtCto6EJjMzEfyjZ9wprRtf1mFpeWV1bXiemljc2t7p7y711ZxKgltkZjHsuNjRTkTtKWZ5rSTSIojn9M7f3g18e/uqVQsFrd6lFAvwn3BQkawNlKvXKm6AeUa9yS6RDl1yYChk5+bf2xSds2eAi0SJycVyNHslT/dICZpRIUmHCvVdexEexmWmhFOxyU3VTTBZIj7tGuowBFVXjZdZoyOjBKgMJbmCI2m6u+JDEdKjSLfJCOsB2rem4j/ed1UhxdexkSSairI7KEw5UjHaNIMCpikRPORIZhIZv6KyABLTLTpr2RKcOZXXiTt05pTr9VvzioNO6+jCAdwCFVw4BwacA1NaAGBB3iCF3i1Hq1n6816n0ULVj6zD39gfXwDdQaZ8A==</latexit>

(�r = �� � �b)

Relative fluctuations between  
DM and baryons also generated: 

EP violation

but not log-enhanced: 
subleading (for           ) 

<latexit sha1_base64="xTFHHazvR2rGSt2FDq+648X5bgk=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoiUj0WvHisYFuhDWGznbRLdzdxdyPU0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmRSln2njet1NaW9/Y3CpvV3Z29/ar7sFhRyeZotCmCU/UfUQ0cCahbZjhcJ8qICLi0I3G1zO/+whKs0TemUkKgSBDyWJGibFS6FbjsE9HDPc1E/CA/dCteXVvDrxK/ILUUIFW6H71BwnNBEhDOdG653upCXKiDKMcppV+piEldEyG0LNUEgE6yOeHT/GpVQY4TpQtafBc/T2RE6H1RES2UxAz0sveTPzP62UmvgpyJtPMgKSLRXHGsUnwLAU8YAqo4RNLCFXM3orpiChCjc2qYkPwl19eJZ3zut+oN24vak2viKOMjtEJOkM+ukRNdINaqI0oytAzekVvzpPz4rw7H4vWklPMHKE/cD5/AMlfkns=</latexit>

f� ' 1
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<latexit sha1_base64="0MukKUkbg5Wx9Yqq5CQm3ckXt2w="></latexit>

�m(~k, a) =
⇣
1 +

6

5
�f2

� log
a

aeq

⌘
�CDM
m (~k, a)

<latexit sha1_base64="SL//3TwpkBLZ3Pr/6R3mI8wqmG8="></latexit>

�r(~k, a) =
5

3
�f��

CDM
m (~k, a)



Effects on linear cosmology

Physical scales are little affected 

at last scattering (effects of new force 

negligible until equality) 

Main effect is modification of distance  

from today to last scattering 

peaks and troughs shift compared to LCDM

J. Lesgourgues

<latexit sha1_base64="h70A0FohN/XUjGKWDYkrBXl22+k=">AAACDnicdVDLSsNAFJ34rPUVdelmsJS2m5Jq0XYhFNx0WcE+oIlhMp20QyeTMDMR2tAvcOOvuHGhiFvX7vwbpw/B54ELh3Pu5d57vIhRqSzr3VhaXlldW09tpDe3tnd2zb39lgxjgUkThywUHQ9JwignTUUVI51IEBR4jLS94cXUb98QIWnIr9QoIk6A+pz6FCOlJdfM2nhAYX5cgOfQply51vUY2r5AOOmNc5Oknh/nChPXzFjFcrVinVThb1IqWjNkwAIN13yzeyGOA8IVZkjKbsmKlJMgoShmZJK2Y0kihIeoT7qachQQ6SSzdyYwq5Ue9EOhiys4U79OJCiQchR4ujNAaiB/elPxL68bK7/iJJRHsSIczxf5MYMqhNNsYI8KghUbaYKwoPpWiAdIZ6F0gmkdwuen8H/SOi6WTovly3KmZi3iSIFDcATyoATOQA3UQQM0AQa34B48gifjzngwno2XeeuSsZg5AN9gvH4A6dGaxA==</latexit>

�(z) =

Z z

0

dz
0

H(z0)

<latexit sha1_base64="VwQiu9cQPYu6uNYWo0vVIS+2tZQ=">AAACBHicdVDLSgNBEJz1GeMr6jGXwSB4WnaTmMSDEPDiMYJ5QDYss5PZZMjsg5leISw5ePFXvHhQxKsf4c2/cZKsoKIFDUVVN91dXiy4Asv6MFZW19Y3NnNb+e2d3b39wsFhR0WJpKxNIxHJnkcUEzxkbeAgWC+WjASeYF1vcjn3u7dMKh6FNzCN2SAgo5D7nBLQklsoOjBmQFyFL7DjS0JT6apZ6tAxn7mFkmVWzxtWpY6X5KyckWoF26a1QAllaLmFd2cY0SRgIVBBlOrbVgyDlEjgVLBZ3kkUiwmdkBHraxqSgKlBunhihk+0MsR+JHWFgBfq94mUBEpNA093BgTG6rc3F//y+gn4jUHKwzgBFtLlIj8RGCI8TwQPuWQUxFQTQiXXt2I6JjoK0LnldQhfn+L/Sads2jWzdl0tNctZHDlURMfoFNmojproCrVQG1F0hx7QE3o27o1H48V4XbauGNnMEfoB4+0TUh2YiA==</latexit>

✓s =
rs
�

<latexit sha1_base64="sAMkcJSPxNI9ulqmGQjhdOVvlRI=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4kCFTbG13BTcuK9gHtEPJpJlOaJIZkoxQhv6CGxeKuPWH3Pk3ZtoKKnog5HDOvdx7T5Bwpg1CH05hbX1jc6u4XdrZ3ds/KB8edXWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpte537unSrNY3plZQn2BJ5KFjGCTS0MSsVG5glxUbdRQEyK3ar9qzZIa8pr1JvRctEAFrNAeld+H45ikgkpDONZ64KHE+BlWhhFO56VhqmmCyRRP6MBSiQXVfrbYdQ7PrDKGYazskwYu1O8dGRZaz0RgKwU2kf7t5eJf3iA1YcPPmExSQyVZDgpTDk0M88PhmClKDJ9ZgolidldIIqwwMTaekg3h61L4P+lWXa/u1m8vK62LVRxFcAJOwTnwwBVogRvQBh1AQAQewBN4doTz6Lw4r8vSgrPqOQY/4Lx9Amu4jnQ=</latexit>�

CMB
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Effects on linear cosmology
CMB Matter power spectrum

<latexit sha1_base64="OAkSB+hS2Y8fJiZsIyADxrtvsYc="></latexit>

Pm,L(k, a) '
✓
1 +

12

5
�f2

� log
a

aeq

◆
PCDM
m,L (k, a)

scale-independent increase of linear power spectrum

24



Non-linear predictions

One-loop calculation of galaxy power spectrum is needed to compare to data 

          consistently develop EFT of LSS for long-range dark forces

[Bottaro, Castorina, Costa, Redigolo, Salvioni 2309.11496, Appendices]

Keeping only leading log-enhanced terms, structure of nonlinear corrections is same as LCDM,  

but with modified linear growth factor

<latexit sha1_base64="fnHWcMmLdNDejYRpznrsmRQxB7k="></latexit>

�m(~k, a) = D1m(a)�0(~k) +
X

n=2

D1m(a)n
Z nY

i=1

d3ki�0(~ki)

(2⇡)3
(2⇡)3�(3)

⇣
~k �

nX

i=1

~ki
⌘
Fn(~k1, . . . ,~kn)

<latexit sha1_base64="j/b/4L8prbyUo+w9ZULXuBLLbE4="></latexit>

D1m(a) =

✓
1 +

6

5
�f2

� log
a

aeq

◆
DCDM

1m (a)
same nonlinear kernels as in LCDM 

[modulo not-log-enhanced corrections]
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Dark force vs galaxy bias

26

One-loop calculation of galaxy power spectrum is needed to compare to data 

          consistently develop EFT of LSS for long-range dark forces

[Bottaro, Castorina, Costa, Redigolo, Salvioni 2309.11496, Appendices]

One-loop galaxy power spectrum:

<latexit sha1_base64="8LGsurJoxU4NNkDr8G34Rzc6K7Q=">AAACC3icdVDLSgMxFM3UV62vqks3oUWoKMOM9GEXQsGNywq2FtoyZDKZNjTzILkjlNK9G3/FjQtF3PoD7vwb03YEFT1w4eSce8m9x40FV2BZH0ZmaXlldS27ntvY3Nreye/utVWUSMpaNBKR7LhEMcFD1gIOgnViyUjgCnbjji5m/s0tk4pH4TWMY9YPyCDkPqcEtOTkC6WexwQQZ4DPsevYOH0G+Bj3hBeBOnLyRcusWHa9UscLUiunpFrBtmnNUUQpmk7+vedFNAlYCFQQpbq2FUN/QiRwKtg010sUiwkdkQHrahqSgKn+ZH7LFB9qxcN+JHWFgOfq94kJCZQaB67uDAgM1W9vJv7ldRPwz/oTHsYJsJAuPvITgSHCs2CwxyWjIMaaECq53hXTIZGEgo4vp0P4uhT/T9qnpl01q1flYuMkjSOLDlABlZCNaqiBLlETtRBFd+gBPaFn4954NF6M10Vrxkhn9tEPGG+fh1OZcA==</latexit>

(�g = b1�m + . . .)

<latexit sha1_base64="5W9VlZAcCXMOqX5Fp4JDdhVJb3s="></latexit>

Pg ' b21

✓
D1m

DCDM
1m

◆2

PCDM
m,L + b21

✓
D1m

DCDM
1m

◆4

PCDM
m,1 loop

<latexit sha1_base64="ZBCPkFwtF82isHiR6KSHvkSQPSQ="></latexit>

/
✓
1 +

12

5
�f2

� log
a

aeq

◆ <latexit sha1_base64="j3uyD4cvJ9gxhVCjyeR9BFfpN9U="></latexit>

/
✓
1 +
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5
�f2

� log
a

aeq

◆

<latexit sha1_base64="maiy/Wo+Oc3bW/dGAcZMfC2EnOo="></latexit>

b21 ! b21
1 + 12

5 �f2
� log a

aeq

At linear level, increase of power 

can be absorbed by bias parameter
<latexit sha1_base64="hQtRnff2ozSzOBABipyHg0SejCM=">AAAB63icdVDLSgMxFM34rPVVdekmWARxMWSq1M6uUBcuFCrYB7RDyaSZNjTJDElGKKW/4MaFIm79IXf+jZm2gooeuHA4517uvSdMONMGoQ9naXlldW09t5Hf3Nre2S3s7Td1nCpCGyTmsWqHWFPOJG0YZjhtJ4piEXLaCke1zG/dU6VZLO/MOKGBwAPJIkawyaTr2uVNr1BE7plvUYLIrSCEyhnx/Yp/7kPPRTMUwQL1XuG9249JKqg0hGOtOx5KTDDByjDC6TTfTTVNMBnhAe1YKrGgOpjMbp3CY6v0YRQrW9LAmfp9YoKF1mMR2k6BzVD/9jLxL6+TmqgSTJhMUkMlmS+KUg5NDLPHYZ8pSgwfW4KJYvZWSIZYYWJsPHkbwten8H/SLLle2S3florV00UcOXAIjsAJ8MAFqIIrUAcNQMAQPIAn8OwI59F5cV7nrUvOYuYA/IDz9gno2I4c</latexit>

LCDM

<latexit sha1_base64="G/oQxEqv5CdV7CnS44Er9a6+Mso=">AAAB83icdVDLSgMxFM3UV62vqks3wSKIiyHTOm1dCAU3LivYWugMJZNm2tBMZkgyQhn6G25cKOLWn3Hn35hpK6jogQsn59xL7j1BwpnSCH1YhZXVtfWN4mZpa3tnd6+8f9BVcSoJ7ZCYx7IXYEU5E7Sjmea0l0iKo4DTu2Bylft391QqFotbPU2oH+GRYCEjWBvJ8wKqMbyEyEbuoFxBdqPmuDXXvKsuunBrueEgVG1Cx0ZzVMAS7UH53RvGJI2o0IRjpfoOSrSfYakZ4XRW8lJFE0wmeET7hgocUeVn851n8MQoQxjG0pTQcK5+n8hwpNQ0CkxnhPVY/fZy8S+vn+qw6WdMJKmmgiw+ClMOdQzzAOCQSUo0nxqCiWRmV0jGWGKiTUwlE8LXpfB/0q3aTt2u35xXWmfLOIrgCByDU+CABmiBa9AGHUBAAh7AE3i2UuvRerFeF60FazlzCH7AevsEDx6QWA==</latexit>

� = 0.05



Dark force vs galaxy bias

27

One-loop calculation of galaxy power spectrum is needed to compare to data 

          consistently develop EFT of LSS for long-range dark forces

[Bottaro, Castorina, Costa, Redigolo, Salvioni 2309.11496, Appendices]

One-loop galaxy power spectrum:
<latexit sha1_base64="5W9VlZAcCXMOqX5Fp4JDdhVJb3s="></latexit>

Pg ' b21

✓
D1m

DCDM
1m

◆2

PCDM
m,L + b21

✓
D1m

DCDM
1m

◆4

PCDM
m,1 loop

<latexit sha1_base64="ZBCPkFwtF82isHiR6KSHvkSQPSQ="></latexit>

/
✓
1 +

12

5
�f2

� log
a

aeq

◆ <latexit sha1_base64="j3uyD4cvJ9gxhVCjyeR9BFfpN9U="></latexit>

/
✓
1 +

24

5
�f2

� log
a

aeq

◆

<latexit sha1_base64="8LGsurJoxU4NNkDr8G34Rzc6K7Q=">AAACC3icdVDLSgMxFM3UV62vqks3oUWoKMOM9GEXQsGNywq2FtoyZDKZNjTzILkjlNK9G3/FjQtF3PoD7vwb03YEFT1w4eSce8m9x40FV2BZH0ZmaXlldS27ntvY3Nreye/utVWUSMpaNBKR7LhEMcFD1gIOgnViyUjgCnbjji5m/s0tk4pH4TWMY9YPyCDkPqcEtOTkC6WexwQQZ4DPsevYOH0G+Bj3hBeBOnLyRcusWHa9UscLUiunpFrBtmnNUUQpmk7+vedFNAlYCFQQpbq2FUN/QiRwKtg010sUiwkdkQHrahqSgKn+ZH7LFB9qxcN+JHWFgOfq94kJCZQaB67uDAgM1W9vJv7ldRPwz/oTHsYJsJAuPvITgSHCs2CwxyWjIMaaECq53hXTIZGEgo4vp0P4uhT/T9qnpl01q1flYuMkjSOLDlABlZCNaqiBLlETtRBFd+gBPaFn4954NF6M10Vrxkhn9tEPGG+fh1OZcA==</latexit>

(�g = b1�m + . . .)

One-loop correction  

breaks             degeneracy
<latexit sha1_base64="Zbtp6loef6OeAGTW8iJtF8/TDBI=">AAAB+HicbVBNS8NAEN34WetHox69LDaCF0vSQ/VY8OKxgv2ANoTNdtIu3WzC7kaoob/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMC1POlHbdb2tjc2t7Z7e0V94/ODyq2McnHZVkkkKbJjyRvZAo4ExAWzPNoZdKIHHIoRtObud+9xGkYol40NMU/JiMBIsYJdpIgV1xwsBz8BV2BiFo4gR21a25C+B14hWkigq0AvtrMExoFoPQlBOl+p6baj8nUjPKYVYeZApSQidkBH1DBYlB+fni8Bm+MMoQR4k0JTReqL8nchIrNY1D0xkTPVar3lz8z+tnOrrxcybSTIOgy0VRxrFO8DwFPGQSqOZTQwiVzNyK6ZhIQrXJqmxC8FZfXiedes1r1Br39WrTLeIooTN0ji6Rh65RE92hFmojijL0jF7Rm/VkvVjv1seydcMqZk7RH1ifP65NkR8=</latexit>

b1 - �

<latexit sha1_base64="hQtRnff2ozSzOBABipyHg0SejCM=">AAAB63icdVDLSgMxFM34rPVVdekmWARxMWSq1M6uUBcuFCrYB7RDyaSZNjTJDElGKKW/4MaFIm79IXf+jZm2gooeuHA4517uvSdMONMGoQ9naXlldW09t5Hf3Nre2S3s7Td1nCpCGyTmsWqHWFPOJG0YZjhtJ4piEXLaCke1zG/dU6VZLO/MOKGBwAPJIkawyaTr2uVNr1BE7plvUYLIrSCEyhnx/Yp/7kPPRTMUwQL1XuG9249JKqg0hGOtOx5KTDDByjDC6TTfTTVNMBnhAe1YKrGgOpjMbp3CY6v0YRQrW9LAmfp9YoKF1mMR2k6BzVD/9jLxL6+TmqgSTJhMUkMlmS+KUg5NDLPHYZ8pSgwfW4KJYvZWSIZYYWJsPHkbwten8H/SLLle2S3florV00UcOXAIjsAJ8MAFqIIrUAcNQMAQPIAn8OwI59F5cV7nrUvOYuYA/IDz9gno2I4c</latexit>

LCDM

<latexit sha1_base64="G/oQxEqv5CdV7CnS44Er9a6+Mso=">AAAB83icdVDLSgMxFM3UV62vqks3wSKIiyHTOm1dCAU3LivYWugMJZNm2tBMZkgyQhn6G25cKOLWn3Hn35hpK6jogQsn59xL7j1BwpnSCH1YhZXVtfWN4mZpa3tnd6+8f9BVcSoJ7ZCYx7IXYEU5E7Sjmea0l0iKo4DTu2Bylft391QqFotbPU2oH+GRYCEjWBvJ8wKqMbyEyEbuoFxBdqPmuDXXvKsuunBrueEgVG1Cx0ZzVMAS7UH53RvGJI2o0IRjpfoOSrSfYakZ4XRW8lJFE0wmeET7hgocUeVn851n8MQoQxjG0pTQcK5+n8hwpNQ0CkxnhPVY/fZy8S+vn+qw6WdMJKmmgiw+ClMOdQzzAOCQSUo0nxqCiWRmV0jGWGKiTUwlE8LXpfB/0q3aTt2u35xXWmfLOIrgCByDU+CABmiBa9AGHUBAAh7AE3i2UuvRerFeF60FazlzCH7AevsEDx6QWA==</latexit>

� = 0.05

<latexit sha1_base64="G/oQxEqv5CdV7CnS44Er9a6+Mso=">AAAB83icdVDLSgMxFM3UV62vqks3wSKIiyHTOm1dCAU3LivYWugMJZNm2tBMZkgyQhn6G25cKOLWn3Hn35hpK6jogQsn59xL7j1BwpnSCH1YhZXVtfWN4mZpa3tnd6+8f9BVcSoJ7ZCYx7IXYEU5E7Sjmea0l0iKo4DTu2Bylft391QqFotbPU2oH+GRYCEjWBvJ8wKqMbyEyEbuoFxBdqPmuDXXvKsuunBrueEgVG1Cx0ZzVMAS7UH53RvGJI2o0IRjpfoOSrSfYakZ4XRW8lJFE0wmeET7hgocUeVn851n8MQoQxjG0pTQcK5+n8hwpNQ0CkxnhPVY/fZy8S+vn+qw6WdMJKmmgiw+ClMOdQzzAOCQSUo0nxqCiWRmV0jGWGKiTUwlE8LXpfB/0q3aTt2u35xXWmfLOIrgCByDU+CABmiBa9AGHUBAAh7AE3i2UuvRerFeF60FazlzCH7AevsEDx6QWA==</latexit>

� = 0.05

<latexit sha1_base64="hQtRnff2ozSzOBABipyHg0SejCM=">AAAB63icdVDLSgMxFM34rPVVdekmWARxMWSq1M6uUBcuFCrYB7RDyaSZNjTJDElGKKW/4MaFIm79IXf+jZm2gooeuHA4517uvSdMONMGoQ9naXlldW09t5Hf3Nre2S3s7Td1nCpCGyTmsWqHWFPOJG0YZjhtJ4piEXLaCke1zG/dU6VZLO/MOKGBwAPJIkawyaTr2uVNr1BE7plvUYLIrSCEyhnx/Yp/7kPPRTMUwQL1XuG9249JKqg0hGOtOx5KTDDByjDC6TTfTTVNMBnhAe1YKrGgOpjMbp3CY6v0YRQrW9LAmfp9YoKF1mMR2k6BzVD/9jLxL6+TmqgSTJhMUkMlmS+KUg5NDLPHYZ8pSgwfW4KJYvZWSIZYYWJsPHkbwten8H/SLLle2S3florV00UcOXAIjsAJ8MAFqIIrUAcNQMAQPIAn8OwI59F5cV7nrUvOYuYA/IDz9gno2I4c</latexit>

LCDM

separate new physics from astrophysics



Results

CMB alone gives               , but suffers from the  

geometric                degeneracy

<latexit sha1_base64="hKnluug+g7N42R+BqbjmEzNjp/o=">AAAB/HicbVBNSwMxEM3Wr1q/Vnv0EiyCBym7ItVjwYvHCrYWukvJptM2NMkuSVZYlvpXvHhQxKs/xJv/xrTdg7Y+GObx3gyZvCjhTBvP+3ZKa+sbm1vl7crO7t7+gXt41NFxqii0acxj1Y2IBs4ktA0zHLqJAiIiDg/R5GbmPzyC0iyW9yZLIBRkJNmQUWKs1HerQQSG4ICD1poJ7NU9v+/WbJsDrxK/IDVUoNV3v4JBTFMB0lBOtO75XmLCnCjDKIdpJUg1JIROyAh6lkoiQIf5/PgpPrXKAA9jZUsaPFd/b+REaJ2JyE4KYsZ62ZuJ/3m91Ayvw5zJJDUg6eKhYcqxifEsCTxgCqjhmSWEKmZvxXRMFKHG5lWxIfjLX14lnYu636g37i5rzfMijjI6RifoDPnoCjXRLWqhNqIoQ8/oFb05T86L8+58LEZLTrFTRX/gfP4AFCyTsQ==</latexit>

� . 0.01
<latexit sha1_base64="lsKCYI/bwOK9I1SZM76Kineq9H8=">AAAB+3icbVC7TsMwFHXKq5RXKCOLRYPEAFXSoTBWYulGkehDaqPIcZ3Wqu1EtoOoov4KCwMIsfIjbPwNbpsBWo50paNz7tW994QJo0q77rdV2Njc2t4p7pb29g8Oj+zjckfFqcSkjWMWy16IFGFUkLammpFeIgniISPdcHI797uPRCoaiwc9TYjP0UjQiGKkjRTYZWdwx8kIBdyBV9BpBq4T2BW36i4A14mXkwrI0Qrsr8EwxiknQmOGlOp7bqL9DElNMSOz0iBVJEF4gkakb6hAnCg/W9w+g+dGGcIolqaEhgv190SGuFJTHppOjvRYrXpz8T+vn+roxs+oSFJNBF4uilIGdQznQcAhlQRrNjUEYUnNrRCPkURYm7hKJgRv9eV10qlVvXq1fl+rNC7zOIrgFJyBC+CBa9AATdACbYDBE3gGr+DNmlkv1rv1sWwtWPnMCfgD6/MHsweSNw==</latexit>

⌦m - H0

BAO breaks degeneracy, improving constraint by factor 2  

Including full shape of BOSS power spectrum gives limited 

improvement, because      is poorly measured in BOSS
<latexit sha1_base64="pG6shG89PPIFTJ7KVCftOXslMSw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD8HAG5QrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVa9Wrd1fVxpuHkcRzuAcLsGDOjTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifP+hFjYM=</latexit>

b1

Euclid will improve constraint strongly, thanks to increased 

precision on      :  
<latexit sha1_base64="pG6shG89PPIFTJ7KVCftOXslMSw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD8HAG5QrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVa9Wrd1fVxpuHkcRzuAcLsGDOjTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifP+hFjYM=</latexit>

b1
<latexit sha1_base64="qivTYhUFJpDNPS39fKSyj4ZWLDg=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR48BLx4jGAekCxhdjKbDJl9ONMbCEu+w4sHRbz6Md78G2eTPWhiQdNFVTfTU14shUbb/rYKG5tb2zvF3dLe/sHhUfn4pK2jRDHeYpGMVNejmksR8hYKlLwbK04DT/KON7nL/M6UKy2i8BFnMXcDOgqFLxhFI7l9jyMlt8Su2nZtUK5kPQNZJ05OKpCjOSh/9YcRSwIeIpNU655jx+imVKFgks9L/UTzmLIJHfGeoSENuHbTxdFzcmGUIfEjZSpEslB/b6Q00HoWeGYyoDjWq14m/uf1EvRv3FSEcYI8ZMuH/EQSjEiWABkKxRnKmSGUKWFuJWxMFWVociqZEJzVL6+Tdq3q1Kv1h6tKw87jKMIZnMMlOHANDbiHJrSAwRM8wyu8WVPrxXq3PpajBSvfOYU/sD5/ACYEkFk=</latexit>

� < 0.002

BOSS analysis with PyBird [D’Amico, Senatore, Zhang 2003.07956] 
Forecasts with FishLSS [Sailer, Castorina, Ferraro, White 2106.09713]
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The                degeneracy of CMB is enhanced by new physics:
<latexit sha1_base64="lsKCYI/bwOK9I1SZM76Kineq9H8=">AAAB+3icbVC7TsMwFHXKq5RXKCOLRYPEAFXSoTBWYulGkehDaqPIcZ3Wqu1EtoOoov4KCwMIsfIjbPwNbpsBWo50paNz7tW994QJo0q77rdV2Njc2t4p7pb29g8Oj+zjckfFqcSkjWMWy16IFGFUkLammpFeIgniISPdcHI797uPRCoaiwc9TYjP0UjQiGKkjRTYZWdwx8kIBdyBV9BpBq4T2BW36i4A14mXkwrI0Qrsr8EwxiknQmOGlOp7bqL9DElNMSOz0iBVJEF4gkakb6hAnCg/W9w+g+dGGcIolqaEhgv190SGuFJTHppOjvRYrXpz8T+vn+roxs+oSFJNBF4uilIGdQznQcAhlQRrNjUEYUnNrRCPkURYm7hKJgRv9eV10qlVvXq1fl+rNC7zOIrgFJyBC+CBa9AATdACbYDBE3gGr+DNmlkv1rv1sWwtWPnMCfgD6/MHsweSNw==</latexit>

⌦m - H0

<latexit sha1_base64="bFXNzqc3Da+sDSZCyd0Wo29OzO0=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgqswUqS4LbtxZwT6gHYZMmraheQxJxjIM9VfcuFDErR/izr8xbWehrQcCh3Pu4d6cKGZUG8/7dgobm1vbO8Xd0t7+weGRe3zS1jJRmLSwZFJ1I6QJo4K0DDWMdGNFEI8Y6USTm7nfeSRKUykeTBqTgKORoEOKkbFS6Jb7d5yMUMhhfyCnAiklp6Fb8areAnCd+DmpgBzN0P2yYZxwIgxmSOue78UmyJAyFDMyK/UTTWKEJ2hEepYKxIkOssXxM3hulQEcSmWfMHCh/k5kiGud8shOcmTGetWbi/95vcQMr4OMijgxRODlomHCoJFw3gQcUEWwYaklCCtqb4V4jBTCxvZVsiX4q19eJ+1a1a9X6/eXlUYtr6MITsEZuAA+uAINcAuaoAUwSMEzeAVvzpPz4rw7H8vRgpNnyuAPnM8fxv6U1A==</latexit>

⌦m #
<latexit sha1_base64="2pSPoAv3IkvP61tC+K4y/4VT6YM=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqewWqR4LXjxWsB/QXUs2nW1Ds8mSZC1l6f/w4kERr/4Xb/4b03YP2vpg4PHeDDPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTtpapotCikkvVDYkGzgS0DDMcuokCEoccOuH4du53nkBpJsWDmSYQxGQoWMQoMVZ69EMwBPtpQpSSk3654lbdBfA68XJSQTma/fKXP5A0jUEYyonWPc9NTJARZRjlMCv5qYaE0DEZQs9SQWLQQba4eoYvrDLAkVS2hMEL9fdERmKtp3FoO2NiRnrVm4v/eb3URDdBxkSSGhB0uShKOTYSzyPAA6aAGj61hFDF7K2Yjogi1NigSjYEb/XlddKuVb16tX5/VWnU8jiK6Aydo0vkoWvUQHeoiVqIIoWe0St6cybOi/PufCxbC04+c4r+wPn8AY4ckoU=</latexit>

� "
<latexit sha1_base64="TWNfedmFT2Eb3dQHVnkPbEhkcIk=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBA8hd0g0WPAS44RzAOyS5idTJIhszPLPJSw5De8eFDEqz/jzb9xkuxBEwsaiqpuurvilDNtfP/b29jc2t7ZLewV9w8Oj45LJ6dtLa0itEUkl6obY005E7RlmOG0myqKk5jTTjy5m/udR6o0k+LBTFMaJXgk2JARbJwUNvo+Cm2KlZJP/VLZr/gLoHUS5KQMOZr90lc4kMQmVBjCsda9wE9NlGFlGOF0VgytpikmEzyiPUcFTqiOssXNM3TplAEaSuVKGLRQf09kONF6msSuM8FmrFe9ufif17NmeBtlTKTWUEGWi4aWIyPRPAA0YIoSw6eOYKKYuxWRMVaYGBdT0YUQrL68TtrVSlCr1O6vy/VqHkcBzuECriCAG6hDA5rQAgIpPMMrvHnWe/HevY9l64aXz5zBH3ifP4D2kVA=</latexit>

H0 "



DESI BAO

LRG2 sample @  drives  
mild preference for higher  than BOSS

zeff ≈ 0.7
H0

[DESI 2404.03002]

<latexit sha1_base64="nFpAquO47VtEOKKRTsMm+XNi4aM=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBVcmM0zrdFdy4rGAf0Cklk6ZtaDIzJBmhlIIbf8WNC0Xc+hPu/BszbQUVPRA4nHMuN/eECWdKI/Rh5VZW19Y38puFre2d3T17/6Cp4lQS2iAxj2U7xIpyFtGGZprTdiIpFiGnrXB8mfmtWyoVi6MbPUloV+BhxAaMYG2knn0UhFRjGCgmICoh5MEgWTC3ZxdRqVpFnucboYxc1ytnzrnr+w50TCRDESxR79nvQT8mqaCRJhwr1XFQortTLDUjnM4KQapogskYD2nH0AgLqrrT+Q0zeGqUPhzE0rxIw7n6fWKKhVITEZqkwHqkfnuZ+JfXSfXA705ZlKSaRmSxaJByqGOYFQL7TFKi+cQQTCQzf4VkhCUm2tRWMCV8XQr/J0235FRKlWuvWHOXdeTBMTgBZ8ABF6AGrkAdNAABd+ABPIFn6956tF6s10U0Zy1nDsEPWG+fB7CVLA==</latexit>

� ⇠ 0.004± 0.002

First DESI results, 
April 2024

See also [Craig, Green, Meyers, Rajendran 2405.00836], 
(modification of background cosmology was not included)
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DESI BAO

LRG2 sample @  drives  
mild preference for higher  than BOSS

zeff ≈ 0.7
H0

[DESI 2404.03002]

<latexit sha1_base64="nFpAquO47VtEOKKRTsMm+XNi4aM=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBVcmM0zrdFdy4rGAf0Cklk6ZtaDIzJBmhlIIbf8WNC0Xc+hPu/BszbQUVPRA4nHMuN/eECWdKI/Rh5VZW19Y38puFre2d3T17/6Cp4lQS2iAxj2U7xIpyFtGGZprTdiIpFiGnrXB8mfmtWyoVi6MbPUloV+BhxAaMYG2knn0UhFRjGCgmICoh5MEgWTC3ZxdRqVpFnucboYxc1ytnzrnr+w50TCRDESxR79nvQT8mqaCRJhwr1XFQortTLDUjnM4KQapogskYD2nH0AgLqrrT+Q0zeGqUPhzE0rxIw7n6fWKKhVITEZqkwHqkfnuZ+JfXSfXA705ZlKSaRmSxaJByqGOYFQL7TFKi+cQQTCQzf4VkhCUm2tRWMCV8XQr/J0235FRKlWuvWHOXdeTBMTgBZ8ABF6AGrkAdNAABd+ABPIFn6956tF6s10U0Zy1nDsEPWG+fB7CVLA==</latexit>

� ⇠ 0.004± 0.002

First DESI results, 
April 2024

*preliminary*
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DESI BAO

LRG2 sample @  drives  
mild preference for higher  than BOSS

zeff ≈ 0.7
H0

[DESI 2404.03002]

<latexit sha1_base64="nFpAquO47VtEOKKRTsMm+XNi4aM=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBVcmM0zrdFdy4rGAf0Cklk6ZtaDIzJBmhlIIbf8WNC0Xc+hPu/BszbQUVPRA4nHMuN/eECWdKI/Rh5VZW19Y38puFre2d3T17/6Cp4lQS2iAxj2U7xIpyFtGGZprTdiIpFiGnrXB8mfmtWyoVi6MbPUloV+BhxAaMYG2knn0UhFRjGCgmICoh5MEgWTC3ZxdRqVpFnucboYxc1ytnzrnr+w50TCRDESxR79nvQT8mqaCRJhwr1XFQortTLDUjnM4KQapogskYD2nH0AgLqrrT+Q0zeGqUPhzE0rxIw7n6fWKKhVITEZqkwHqkfnuZ+JfXSfXA705ZlKSaRmSxaJByqGOYFQL7TFKi+cQQTCQzf4VkhCUm2tRWMCV8XQr/J0235FRKlWuvWHOXdeTBMTgBZ8ABF6AGrkAdNAABd+ABPIFn6956tF6s10U0Zy1nDsEPWG+fB7CVLA==</latexit>

� ⇠ 0.004± 0.002

Full-shape analysis of Euclid and DESI data will either disprove or confirm this

*preliminary*
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Results

32

<latexit sha1_base64="F+dhzkx0FQOBmkdiXfJHyaVbsy0=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU90tUj0WvPRYwX5IuyzZNNuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh5G7ud5+o0iyWD2aaUF/gkWQRI9hY6VEEGl2hZuAG5YpbdRdA68TLSQVytILy12AYk1RQaQjHWvc9NzF+hpVhhNNZaZBqmmAywSPat1RiQbWfLQ6eoQurDFEUK1vSoIX6eyLDQuupCG2nwGasV725+J/XT01062dMJqmhkiwXRSlHJkbz79GQKUoMn1qCiWL2VkTGWGFibEYlG4K3+vI66dSqXr1av7+uNGp5HEU4g3O4BA9uoAFNaEEbCAh4hld4c5Tz4rw7H8vWgpPPnMIfOJ8/M7CPVA==</latexit>

ms/H0

<latexit sha1_base64="QBoNeAA8ccTjOAHqZhLFdY4Q20Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSS3w850kG15tbdBcg68QpSgwKtQfWrP0xYFnOFTFJjep6bYpBTjYJJPqv0M8NTyiZ0xHuWKhpzE+SLY2fkwipDEiXalkKyUH9P5DQ2ZhqHtjOmODar3lz8z+tlGN0GuVBphlyx5aIokwQTMv+cDIXmDOXUEsq0sLcSNqaaMrT5VGwI3urL66R9Vfca9cbDda3ZKOIowxmcwyV4cANNuIcW+MBAwDO8wpujnBfn3flYtpacYuYU/sD5/AHDzI6j</latexit>

�

Planck

+ BOSS BAO

+ Euclid

+ MegaMapper

[Bottaro, Castorina, Costa, Redigolo, Salvioni to appear]

Mediator is a fraction of DM today

Mediator is massless 
at all times

DESI BAO ?

*preliminary*

<latexit sha1_base64="BerhXcVmOIUZgSDH284Ki1khZaI=">AAAB8HicdVDLSsNAFL2pr1pfVZduBovgKiRiXxspuOmygn1IG8JkOm2HziRhZiKU0K9w40IRt36OO//GaRtBRQ9cOJxzL/feE8ScKe04H1ZubX1jcyu/XdjZ3ds/KB4edVSUSELbJOKR7AVYUc5C2tZMc9qLJcUi4LQbTK8XfveeSsWi8FbPYuoJPA7ZiBGsjXQnfIWuUNN3/GLJscuOWy/X0YpULzNSKSPXdpYoQYaWX3wfDCOSCBpqwrFSfdeJtZdiqRnhdF4YJIrGmEzxmPYNDbGgykuXB8/RmVGGaBRJU6FGS/X7RIqFUjMRmE6B9UT99hbiX14/0aOal7IwTjQNyWrRKOFIR2jxPRoySYnmM0MwkczcisgES0y0yahgQvj6FP1POhe2W7ErN5elRi2LIw8ncArn4EIVGtCEFrSBgIAHeIJnS1qP1ov1umrNWdnMMfyA9fYJwZ2Pug==</latexit>

ms > H0



Mediator heavier than H0

<latexit sha1_base64="QfATxx5apx9Sw1YJtHGZHMn6ZfU=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHgxWME84BkCbOTTjJmdmaZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03jUo1wwZTQul2RA0KLrFhuRXYTjTSOBLYisa3M7/1hNpwJR/sJMEwpkPJB5xR66RmV6ghob1S2a/4c5BVEuSkDDnqvdJXt69YGqO0TFBjOoGf2DCj2nImcFrspgYTysZ0iB1HJY3RhNn82ik5d0qfDJR2JS2Zq78nMhobM4kj1xlTOzLL3kz8z+ukdnATZlwmqUXJFosGqSBWkdnrpM81MismjlCmubuVsBHVlFkXUNGFECy/vEqal5WgWqneX5Vrfh5HAU7hDC4ggGuowR3UoQEMHuEZXuHNU96L9+59LFrXvHzmBP7A+/wBI/iOzg==</latexit>

log a

<latexit sha1_base64="4375mAbtp9O2CPZtHuJ7EJLNS3A=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48V7Ae0oUy2m3bpZhN2N0IJ/RFePCji1d/jzX/jps1BWx8MPN6bYWZekAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqKGvTWMSqF6BmgkvWNtwI1ksUwygQrBtM73K/+8SU5rF8NLOE+RGOJQ85RWOl7iBAlen5sFpz6+4CZJ14BalBgdaw+jUYxTSNmDRUoNZ9z02Mn6 EynAo2rwxSzRKkUxyzvqUSI6b9bHHunFxYZUTCWNmShizU3xMZRlrPosB2RmgmetXLxf+8fmrCWz/jMkkNk3S5KEwFMTHJfycjrhg1YmYJUsXtrYROUCE1NqGKDcFbfXmddK7qXqPeeLiuNd0ijjKcwTlcggc30IR7aEEbKEzhGV7hzUmcF+fd+Vi2lpxi5hT+wPn8AZqHj7U=</latexit>

s̄

massless behaviour

<latexit sha1_base64="O8/Mg2aActRg8/Chy6KG/HWsNpk=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEF1ISkepGKLjpsoJ9QBvCZDpph84kYWYi1BD8FTcuFHHrf7jzb5w+Ftp64MLhnHu5954g4Uxpx/m2Ciura+sbxc3S1vbO7p69f9BScSoJbZKYx7ITYEU5i2hTM81pJ5EUi4DTdjC6nfjtByoVi6N7PU6oJ/AgYiEjWBvJt496ocQkE77Ks7rv5OgGuY5vl52KMwVaJu6clGGOhm9/9foxSQWNNOFYqa7rJNrLsNSMcJqXeqmiCSYjPKBdQyMsqPKy6fU5OjVKH4WxNBVpNFV/T2RYKDUWgekUWA/VojcR//O6qQ6vvYxFSappRGaLwpQjHaNJFKjPJCWajw3BRDJzKyJDbOLQJrCSCcFdfHmZtC4qbrVSvbss187ncRThGE7gDFy4ghrUoQFNIPAIz/AKb9aT9WK9Wx+z1oI1nzmEP7A+fwAUf5RE</latexit>

ms

H0
= 10

<latexit sha1_base64="q58LpCOEBLAnTG1OANrNkDUeImU=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBg5TdUqrHghePFewHtGvJptk2NMkuSVYoS/+CFw+KePUPefPfmG33oK0PBh7vzTAzL4g508Z1v53CxubW9k5xt7S3f3B4VD4+6egoUYS2ScQj1QuwppxJ2jbMcNqLFcUi4LQbTG8zv/tElWaRfDCzmPoCjyULGcEmkzz3sTYsV9yquwBaJ15OKpCjNSx/DUYRSQSVhnCsdd9zY+OnWBlGOJ2XBommMSZTPKZ9SyUWVPvp4tY5urDKCIWRsiUNWqi/J1IstJ6JwHYKbCZ61cvE/7x+YsIbP2UyTgyVZLkoTDgyEcoeRyOmKDF8ZgkmitlbEZlghYmx8ZRsCN7qy+ukU6t6jWrjvl5pXuVxFOEMzuESPLiGJtxBC9pAYALP8ApvjnBenHfnY9lacPKZU/gD5/MHCrKNiA==</latexit>

102

<latexit sha1_base64="cwxeMDHlSZGuzFVUp+3d6a8vJJY=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBg5RdK9VjwYvHCvYD2rVk02wbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJreZ33miSrNIPphpTH2BR5KFjGCTSZ77WBuUK27VnQOtEi8nFcjRHJS/+sOIJIJKQzjWuue5sfFTrAwjnM5K/UTTGJMJHtGepRILqv10fusMnVlliMJI2ZIGzdXfEykWWk9FYDsFNmO97GXif14vMeGNnzIZJ4ZKslgUJhyZCGWPoyFTlBg+tQQTxeytiIyxwsTYeEo2BG/55VXSvqx69Wr9/qrSuMjjKMIJnMI5eHANDbiDJrSAwBie4RXeHOG8OO/Ox6K14OQzx/AHzucPDDaNiQ==</latexit>

103

<latexit sha1_base64="R+PGUfn+xLlbCcui8rmLQpi7/TE=">AAAB63icbVBNSwMxEJ2tX7V+tOrRS7AIHqTsSqkeC148VrAf0K4lm2bb0CS7JFmhLP0LXjwo4tU/5M1/Y7bdg7Y+GHi8N8PMvCDmTBvX/XYKG5tb2zvF3dLe/sFhuXJ03NFRoghtk4hHqhdgTTmTtG2Y4bQXK4pFwGk3mN5mfveJKs0i+WBmMfUFHksWMoJNJnnuY31Yqbo1dwG0TrycVCFHa1j5GowikggqDeFY677nxsZPsTKMcDovDRJNY0ymeEz7lkosqPbTxa1zdG6VEQojZUsatFB/T6RYaD0Tge0U2Ez0qpeJ/3n9xIQ3fspknBgqyXJRmHBkIpQ9jkZMUWL4zBJMFLO3IjLBChNj4ynZELzVl9dJ56rmNWqN+3q1eZnHUYRTOIML8OAamnAHLWgDgQk8wyu8OcJ5cd6dj2VrwclnTuAPnM8fDbqNig==</latexit>
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<latexit sha1_base64="VcKWpanUs7O2oD0Q9dk46Oaznag=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBg5RdqdVjwYvHCvYD2rVk02wbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJreZ33miSrNIPphpTH2BR5KFjGCTSZ77eDUoV9yqOwdaJV5OKpCjOSh/9YcRSQSVhnCsdc9zY+OnWBlGOJ2V+ommMSYTPKI9SyUWVPvp/NYZOrPKEIWRsiUNmqu/J1IstJ6KwHYKbMZ62cvE/7xeYsIbP2UyTgyVZLEoTDgyEcoeR0OmKDF8agkmitlbERljhYmx8ZRsCN7yy6ukfVn16tX6fa3SuMjjKMIJnMI5eHANDbiDJrSAwBie4RXeHOG8OO/Ox6K14OQzx/AHzucPDz6Niw==</latexit>

105

equality
When mass term and DM source term 

become comparable, scalar begins to oscillate 

           transition from                 to 
<latexit sha1_base64="zGz9tjETIlvTmY2Rmxd0FnetWoU=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZBEMquSPUiFLx4rGA/pF1KNs22oUl2SbJKWforvHhQxKs/x5v/xnS7B219MPB4b4aZeUHMmTau++0UVlbX1jeKm6Wt7Z3dvfL+QUtHiSK0SSIeqU6ANeVM0qZhhtNOrCgWAaftYHwz89uPVGkWyXsziakv8FCykBFsrPTw1NfoGp0hr1+uuFU3A1omXk4qkKPRL3/1BhFJBJWGcKx113Nj46dYGUY4nZZ6iaYxJmM8pF1LJRZU+2l28BSdWGWAwkjZkgZl6u+JFAutJyKwnQKbkV70ZuJ/Xjcx4ZWfMhknhkoyXxQmHJkIzb5HA6YoMXxiCSaK2VsRGWGFibEZlWwI3uLLy6R1XvVq1drdRaXu5nEU4QiO4RQ8uIQ63EIDmkBAwDO8wpujnBfn3fmYtxacfOYQ/sD5/AHNio8P</latexit>

ws = +1
<latexit sha1_base64="49m+mMD72dyQkvDkKlVkEi3IHXs=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSxCvZREpHoRCl48VrAf0Iaw2W7apbtJ2N0oJdS/4sWDIl79Id78N27bHLT1wcDjvRlm5gUJZ0o7zrdVWFvf2Nwqbpd2dvf2D+zDo7aKU0loi8Q8lt0AK8pZRFuaaU67iaRYBJx2gvHNzO88UKlYHN3rSUI9gYcRCxnB2ki+Xa4++urMz/pSIBqGU3SNHN+uODVnDrRK3JxUIEfTt7/6g5ikgkaacKxUz3US7WVYakY4nZb6qaIJJmM8pD1DIyyo8rL58VN0apQBCmNpKtJorv6eyLBQaiIC0ymwHqllbyb+5/VSHV55GYuSVNOILBaFKUc6RrMk0IBJSjSfGIKJZOZWREZYYqJNXiUTgrv88ippn9fceq1+d1FpOHkcRTiGE6iCC5fQgFtoQgsITOAZXuHNerJerHfrY9FasPKZMvyB9fkD09GTjA==</latexit>

(ws)e↵ = 0

<latexit sha1_base64="QfATxx5apx9Sw1YJtHGZHMn6ZfU=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHgxWME84BkCbOTTjJmdmaZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03jUo1wwZTQul2RA0KLrFhuRXYTjTSOBLYisa3M7/1hNpwJR/sJMEwpkPJB5xR66RmV6ghob1S2a/4c5BVEuSkDDnqvdJXt69YGqO0TFBjOoGf2DCj2nImcFrspgYTysZ0iB1HJY3RhNn82ik5d0qfDJR2JS2Zq78nMhobM4kj1xlTOzLL3kz8z+ukdnATZlwmqUXJFosGqSBWkdnrpM81MismjlCmubuVsBHVlFkXUNGFECy/vEqal5WgWqneX5Vrfh5HAU7hDC4ggGuowR3UoQEMHuEZXuHNU96L9+59LFrXvHzmBP7A+/wBI/iOzg==</latexit>

log a

<latexit sha1_base64="0xzHIk0Zg7+aHq6Z7FihLvU1JtQ=">AAACEnicbVDLSgMxFM3UV62vUZdugkXQTZkRqS4LblxWsA/oDCWTZtrQPIYkI5RhvsGNv+LGhSJuXbnzb0zbWdTWCyEn59zLzTlRwqg2nvfjlNbWNza3ytuVnd29/QP38KitZaowaWHJpOpGSBNGBWkZahjpJoogHjHSica3U73zSJSmUjyYSUJCjoaCxhQjY6m+exHECuEsiJDKAjWSeV/niy97cWikyfO+W/Vq3qzgKvALUAVFNfvudzCQOOVEGMyQ1j3fS0yYIWUoZiSvBKkmCcJjNCQ9CwXiRIfZzFIOzywzgLFU9ggDZ+ziRIa41hMe2U6OzEgva1PyP62XmvgmzKhIUkMEni+KU2Y9wmk+cEAVwYZNLEBYUftXiEfIZmRsihUbgr9seRW0L2t+vVa/v6o2vCKOMjgBp+Ac+OAaNMAdaIIWwOAJvIA38O48O6/Oh/M5by05xcwx+FPO1y+77p9d</latexit>

⇢̄s
⇢̄tot

equality

<latexit sha1_base64="O8/Mg2aActRg8/Chy6KG/HWsNpk=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEF1ISkepGKLjpsoJ9QBvCZDpph84kYWYi1BD8FTcuFHHrf7jzb5w+Ftp64MLhnHu5954g4Uxpx/m2Ciura+sbxc3S1vbO7p69f9BScSoJbZKYx7ITYEU5i2hTM81pJ5EUi4DTdjC6nfjtByoVi6N7PU6oJ/AgYiEjWBvJt496ocQkE77Ks7rv5OgGuY5vl52KMwVaJu6clGGOhm9/9foxSQWNNOFYqa7rJNrLsNSMcJqXeqmiCSYjPKBdQyMsqPKy6fU5OjVKH4WxNBVpNFV/T2RYKDUWgekUWA/VojcR//O6qQ6vvYxFSappRGaLwpQjHaNJFKjPJCWajw3BRDJzKyJDbOLQJrCSCcFdfHmZtC4qbrVSvbss187ncRThGE7gDFy4ghrUoQFNIPAIz/AKb9aT9WK9Wx+z1oI1nzmEP7A+fwAUf5RE</latexit>

ms

H0
= 10

<latexit sha1_base64="q58LpCOEBLAnTG1OANrNkDUeImU=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBg5TdUqrHghePFewHtGvJptk2NMkuSVYoS/+CFw+KePUPefPfmG33oK0PBh7vzTAzL4g508Z1v53CxubW9k5xt7S3f3B4VD4+6egoUYS2ScQj1QuwppxJ2jbMcNqLFcUi4LQbTG8zv/tElWaRfDCzmPoCjyULGcEmkzz3sTYsV9yquwBaJ15OKpCjNSx/DUYRSQSVhnCsdd9zY+OnWBlGOJ2XBommMSZTPKZ9SyUWVPvp4tY5urDKCIWRsiUNWqi/J1IstJ6JwHYKbCZ61cvE/7x+YsIbP2UyTgyVZLkoTDgyEcoeRyOmKDF8ZgkmitlbEZlghYmx8ZRsCN7qy+ukU6t6jWrjvl5pXuVxFOEMzuESPLiGJtxBC9pAYALP8ApvjnBenHfnY9lacPKZU/gD5/MHCrKNiA==</latexit>

102
<latexit sha1_base64="cwxeMDHlSZGuzFVUp+3d6a8vJJY=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBg5RdK9VjwYvHCvYD2rVk02wbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJreZ33miSrNIPphpTH2BR5KFjGCTSZ77WBuUK27VnQOtEi8nFcjRHJS/+sOIJIJKQzjWuue5sfFTrAwjnM5K/UTTGJMJHtGepRILqv10fusMnVlliMJI2ZIGzdXfEykWWk9FYDsFNmO97GXif14vMeGNnzIZJ4ZKslgUJhyZCGWPoyFTlBg+tQQTxeytiIyxwsTYeEo2BG/55VXSvqx69Wr9/qrSuMjjKMIJnMI5eHANDbiDJrSAwBie4RXeHOG8OO/Ox6K14OQzx/AHzucPDDaNiQ==</latexit>

103
<latexit sha1_base64="R+PGUfn+xLlbCcui8rmLQpi7/TE=">AAAB63icbVBNSwMxEJ2tX7V+tOrRS7AIHqTsSqkeC148VrAf0K4lm2bb0CS7JFmhLP0LXjwo4tU/5M1/Y7bdg7Y+GHi8N8PMvCDmTBvX/XYKG5tb2zvF3dLe/sFhuXJ03NFRoghtk4hHqhdgTTmTtG2Y4bQXK4pFwGk3mN5mfveJKs0i+WBmMfUFHksWMoJNJnnuY31Yqbo1dwG0TrycVCFHa1j5GowikggqDeFY677nxsZPsTKMcDovDRJNY0ymeEz7lkosqPbTxa1zdG6VEQojZUsatFB/T6RYaD0Tge0U2Ez0qpeJ/3n9xIQ3fspknBgqyXJRmHBkIpQ9jkZMUWL4zBJMFLO3IjLBChNj4ynZELzVl9dJ56rmNWqN+3q1eZnHUYRTOIML8OAamnAHLWgDgQk8wyu8OcJ5cd6dj2VrwclnTuAPnM8fDbqNig==</latexit>

104

<latexit sha1_base64="VcKWpanUs7O2oD0Q9dk46Oaznag=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBg5RdqdVjwYvHCvYD2rVk02wbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJreZ33miSrNIPphpTH2BR5KFjGCTSZ77eDUoV9yqOwdaJV5OKpCjOSh/9YcRSQSVhnCsdc9zY+OnWBlGOJ2V+ommMSYTPKI9SyUWVPvp/NYZOrPKEIWRsiUNmqu/J1IstJ6KwHYKbMZ62cvE/7xeYsIbP2UyTgyVZLEoTDgyEcoeR0OmKDF8agkmitlbERljhYmx8ZRsCN7yy6ukfVn16tX6fa3SuMjjKMIJnMI5eHANDbiDJrSAwBie4RXeHOG8OO/Ox6K14OQzx/AHzucPDz6Niw==</latexit>

105

<latexit sha1_base64="YvQcP1sxP5d+5EgaFZrNu7UXOx4=">AAAB83icdVDJSgNBEO2JW4xb1KOXxiB4GnokizkIAS8eI5gFMkPo6dQkTXoWunuEMOQ3vHhQxKs/482/sZOMoKIPCh7vVVFVz08EV5qQD6uwtr6xuVXcLu3s7u0flA+PuipOJYMOi0Us+z5VIHgEHc21gH4igYa+gJ4/vV74vXuQisfRnZ4l4IV0HPGAM6qN5Lo+aIqvMLGJMyxXiF0jTrPWxCvSqOakXsOOTZaooBztYfndHcUsDSHSTFClBg5JtJdRqTkTMC+5qYKEsikdw8DQiIagvGx58xyfGWWEg1iaijReqt8nMhoqNQt90xlSPVG/vYX4lzdIdXDpZTxKUg0RWy0KUoF1jBcB4BGXwLSYGUKZ5OZWzCZUUqZNTCUTwten+H/SvbCdul2/rVZaJI+jiE7QKTpHDmqgFrpBbdRBDCXoAT2hZyu1Hq0X63XVWrDymWP0A9bbJypEkHA=</latexit>

� = 0.01

<latexit sha1_base64="YvQcP1sxP5d+5EgaFZrNu7UXOx4=">AAAB83icdVDJSgNBEO2JW4xb1KOXxiB4GnokizkIAS8eI5gFMkPo6dQkTXoWunuEMOQ3vHhQxKs/482/sZOMoKIPCh7vVVFVz08EV5qQD6uwtr6xuVXcLu3s7u0flA+PuipOJYMOi0Us+z5VIHgEHc21gH4igYa+gJ4/vV74vXuQisfRnZ4l4IV0HPGAM6qN5Lo+aIqvMLGJMyxXiF0jTrPWxCvSqOakXsOOTZaooBztYfndHcUsDSHSTFClBg5JtJdRqTkTMC+5qYKEsikdw8DQiIagvGx58xyfGWWEg1iaijReqt8nMhoqNQt90xlSPVG/vYX4lzdIdXDpZTxKUg0RWy0KUoF1jBcB4BGXwLSYGUKZ5OZWzCZUUqZNTCUTwten+H/SvbCdul2/rVZaJI+jiE7QKTpHDmqgFrpBbdRBDCXoAT2hZyu1Hq0X63XVWrDymWP0A9bbJypEkHA=</latexit>

� = 0.01

At late times, fraction of energy density in mediator 

is strongly enhanced wrt massless case,

massless behaviour

<latexit sha1_base64="fQ/odxJ/o3ZrCy5G+eOYsoAwYAE="></latexit>

f
massive
s ' 5

4
f
massless
s ⇥ log2

Heq

ms
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<latexit sha1_base64="kWNRGr8wjqFm3azRMofzlir4D0o="></latexit>

s̄00 + 2Hs̄0 + a2m2
s s̄+Gsa

2⇢̄� = 0

<latexit sha1_base64="/GKaVWAFWfCeaTFXQUjX0NJzaBM="></latexit>

(fmassless
s = �f2

�/3)



Power spectrum

Jeans scale of the mediator

Matter fluctuations receive two corrections:

Late-time suppression due to     fraction  

which does not cluster

<latexit sha1_base64="zqj4VfOmB+KBEmBHGsJeDmWrAqg=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjJ1+phdwY3LFuwD2qFk0kwbm8kMSUYoQ7/AjQtF3PpJ7vwb04egogcuHM65l3vvCRLOlEbow8ptbG5t7+R3C3v7B4dHxeOTjopTSWibxDyWvQArypmgbc00p71EUhwFnHaD6fXC795TqVgsbvUsoX6Ex4KFjGBtpJYaFkvIRhXPrZUhsivI8dwrQzyv7lYr0LHREiWwRnNYfB+MYpJGVGjCsVJ9ByXaz7DUjHA6LwxSRRNMpnhM+4YKHFHlZ8tD5/DCKCMYxtKU0HCpfp/IcKTULApMZ4T1RP32FuJfXj/VYd3PmEhSTQVZLQpTDnUMF1/DEZOUaD4zBBPJzK2QTLDERJtsCiaEr0/h/6RTtp2qXW25pUZ5HUcenIFzcAkcUAMNcAOaoA0IoOABPIFn6856tF6s11VrzlrPnIIfsN4+AV8/jUw=</latexit>s

34

ratio to LCDM power spectrum

<latexit sha1_base64="Hkid/KrMju1wYBlksXAsQt2uW4E=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4kJKIVC9CwYvHCqYttKFstpN26WYTdjdCLf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpgKro3rfjsrq2vrG5uFreL2zu7efungsKGTTDH0WSIS1QqpRsEl+oYbga1UIY1Dgc1weDv1m4+oNE/kgxmlGMS0L3nEGTVW8p/IDXG7pbJbcWcgy8TLSRly1Lulr04vYVmM0jBBtW57bmqCMVWGM4GTYifTmFI2pH1sWyppjDoYz46dkFOr9EiUKFvSkJn6e2JMY61HcWg7Y2oGetGbiv957cxE18GYyzQzKNl8UZQJYhIy/Zz0uEJmxMgSyhS3txI2oIoyY/Mp2hC8xZeXSeOi4lUr1fvLcu08j6MAx3ACZ+DBFdTgDurgAwMOz/AKb450Xpx352PeuuLkM0fwB87nD4MFjcg=</latexit>

z = 0

<latexit sha1_base64="kvgPPKvbOR7pgtMY85Y2ofgm/dk="></latexit>

�m '
✓
1 +

6

5
�f2

� log
ams

aeq
� 3

5
fs log

a

ams

◆
�CDM
m

Enhanced growth as long 

as mediator is massless 

dominates due to  

 - enhanced     fractionlog2 <latexit sha1_base64="qgHlnHS8IOiVOKvYwY68Yq88Ys8=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzU1INS2a24C5B14uWkDDkag9JXfxizNEJpmKBa9zw3MX5GleFM4KzYTzUmlE3oCHuWShqh9rPFoTNyaZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjrZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTdGG4K2+vE7a1YpXq9Sa1+V6NY+jAOdwAVfgwQ3U4R4a0AIGCM/wCm/Oo/PivDsfy9YNJ585gz9wPn8A3WeM8g==</latexit>s

<latexit sha1_base64="ffjjwsyRQDTe68rVnOaq1Lc4bo4="></latexit>

kJ(a) ⇡ 4⇥ 10�4
a
1/4

✓
ms

H0

◆1/2

h Mpc�1

For the mass range considered 

so EFT of LSS does not require modification 

wrt massless case

<latexit sha1_base64="VWqfAIYiYcdle8A7NqRuoC6CgOM=">AAACAHicbVA9SwNBEN2LXzF+nVpY2CwGwSrciUTLgI1YRTAfkIRjbzNJluzunbt7Qjiu8a/YWChi68+w89+4Sa7QxAcDj/dmmJkXxpxp43nfTmFldW19o7hZ2tre2d1z9w+aOkoUhQaNeKTaIdHAmYSGYYZDO1ZARMihFY6vp37rEZRmkbw3kxh6ggwlGzBKjJUC92gc3OIuB601E3gcpF0lMDxkgVv2Kt4MeJn4OSmjHPXA/er2I5oIkIZyonXH92LTS4kyjHLISt1EQ0zomAyhY6kkAnQvnT2Q4VOr9PEgUrakwTP190RKhNYTEdpOQcxIL3pT8T+vk5jBVS9lMk4MSDpfNEg4NhGepoH7TAE1fGIJoYrZWzEdEUWosZmVbAj+4svLpHle8auV6t1FueblcRTRMTpBZ8hHl6iGblAdNRBFGXpGr+jNeXJenHfnY95acPKZQ/QHzucPSTqWLQ==</latexit>

kJ . keq

<latexit sha1_base64="YvQcP1sxP5d+5EgaFZrNu7UXOx4=">AAAB83icdVDJSgNBEO2JW4xb1KOXxiB4GnokizkIAS8eI5gFMkPo6dQkTXoWunuEMOQ3vHhQxKs/482/sZOMoKIPCh7vVVFVz08EV5qQD6uwtr6xuVXcLu3s7u0flA+PuipOJYMOi0Us+z5VIHgEHc21gH4igYa+gJ4/vV74vXuQisfRnZ4l4IV0HPGAM6qN5Lo+aIqvMLGJMyxXiF0jTrPWxCvSqOakXsOOTZaooBztYfndHcUsDSHSTFClBg5JtJdRqTkTMC+5qYKEsikdw8DQiIagvGx58xyfGWWEg1iaijReqt8nMhoqNQt90xlSPVG/vYX4lzdIdXDpZTxKUg0RWy0KUoF1jBcB4BGXwLSYGUKZ5OZWzCZUUqZNTCUTwten+H/SvbCdul2/rVZaJI+jiE7QKTpHDmqgFrpBbdRBDCXoAT2hZyu1Hq0X63XVWrDymWP0A9bbJypEkHA=</latexit>

� = 0.01
massless 



Results

35

<latexit sha1_base64="oLLH3cYUU3HKQZqvYjqz4r5JfAE=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5SxJQBG8sI5gOSI8xt9pIle3vn7p4QjvwJGwtFbP07dv4bN8kVmvhg4PHeDDPzgkRwbVz32ylsbe/s7hX3SweHR8cn5dOzjo5TRVmbxiJWvQA1E1yytuFGsF6iGEaBYN1gervwu09MaR7LBzNLmB/hWPKQUzRW6rUESjr1GsNyxa26S5BN4uWkAjlaw/LXYBTTNGLSUIFa9z03MX6GynAq2Lw0SDVLkE5xzPqWSoyY9rPlvXNyZZURCWNlSxqyVH9PZBhpPYsC2xmhmeh1byH+5/VTEzb8jMskNUzS1aIwFcTEZPE8GXHFqBEzS5Aqbm8ldIIKqbERlWwI3vrLm6RTq3r1av2+VmmSPI4iXMAlXIMHN9CEO2hBGygIeIZXeHMenRfn3flYtRacfOYc/sD5/AFkT49z</latexit>

Planck18
<latexit sha1_base64="oLLH3cYUU3HKQZqvYjqz4r5JfAE=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5SxJQBG8sI5gOSI8xt9pIle3vn7p4QjvwJGwtFbP07dv4bN8kVmvhg4PHeDDPzgkRwbVz32ylsbe/s7hX3SweHR8cn5dOzjo5TRVmbxiJWvQA1E1yytuFGsF6iGEaBYN1gervwu09MaR7LBzNLmB/hWPKQUzRW6rUESjr1GsNyxa26S5BN4uWkAjlaw/LXYBTTNGLSUIFa9z03MX6GynAq2Lw0SDVLkE5xzPqWSoyY9rPlvXNyZZURCWNlSxqyVH9PZBhpPYsC2xmhmeh1byH+5/VTEzb8jMskNUzS1aIwFcTEZPE8GXHFqBEzS5Aqbm8ldIIKqbERlWwI3vrLm6RTq3r1av2+VmmSPI4iXMAlXIMHN9CEO2hBGygIeIZXeHMenRfn3flYtRacfOYc/sD5/AFkT49z</latexit>

Planck18

<latexit sha1_base64="ywaYgt0UnnWhLBDP1bCk8MktclI=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBg9REpXoRCl56rGA/oE3DZrtpl242YXejlND/4cWDIl79L978N27bHLT1wcDjvRlm5vkxZ0rb9reVW1ldW9/Ibxa2tnd294r7B00VJZLQBol4JNs+VpQzQRuaaU7bsaQ49Dlt+aO7qd96pFKxSDzocUzdEA8ECxjB2ki90FPnNc9Gt8ixe5desWSX7RnQMnEyUoIMda/41e1HJAmp0IRjpTqOHWs3xVIzwumk0E0UjTEZ4QHtGCpwSJWbzq6eoBOj9FEQSVNCo5n6eyLFoVLj0DedIdZDtehNxf+8TqKDGzdlIk40FWS+KEg40hGaRoD6TFKi+dgQTCQztyIyxBITbYIqmBCcxZeXSfOi7FTKlfurUvUsiyMPR3AMp+DANVShBnVoAAEJz/AKb9aT9WK9Wx/z1pyVzRzCH1ifP8YMkK8=</latexit>

ms/H0 = 103
<latexit sha1_base64="gDStYG8MC081dfQVxK49LkZt580=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgQutMkepGKLjpsoJ9QDsOmTTThiaZIckoZeynuHGhiFu/xJ1/Y9rOQlsPXDiccy/33hPEjCrtON9WbmV1bX0jv1nY2t7Z3bOL+y0VJRKTJo5YJDsBUoRRQZqaakY6sSSIB4y0g9HN1G8/EKloJO70OCYeRwNBQ4qRNpJvF7mvzuu+A6+h69ynZ5WJb5ecsjMDXCZuRkogQ8O3v3r9CCecCI0ZUqrrOrH2UiQ1xYxMCr1EkRjhERqQrqECcaK8dHb6BB4bpQ/DSJoSGs7U3xMp4kqNeWA6OdJDtehNxf+8bqLDKy+lIk40EXi+KEwY1BGc5gD7VBKs2dgQhCU1t0I8RBJhbdIqmBDcxZeXSatSdqvl6u1FqXaaxZEHh+AInAAXXIIaqIMGaAIMHsEzeAVv1pP1Yr1bH/PWnJXNHIA/sD5/AHQ8kiI=</latexit>

ms/H0 = 10�2

Opposite behaviour along the                 degeneracy:
<latexit sha1_base64="lsKCYI/bwOK9I1SZM76Kineq9H8=">AAAB+3icbVC7TsMwFHXKq5RXKCOLRYPEAFXSoTBWYulGkehDaqPIcZ3Wqu1EtoOoov4KCwMIsfIjbPwNbpsBWo50paNz7tW994QJo0q77rdV2Njc2t4p7pb29g8Oj+zjckfFqcSkjWMWy16IFGFUkLammpFeIgniISPdcHI797uPRCoaiwc9TYjP0UjQiGKkjRTYZWdwx8kIBdyBV9BpBq4T2BW36i4A14mXkwrI0Qrsr8EwxiknQmOGlOp7bqL9DElNMSOz0iBVJEF4gkakb6hAnCg/W9w+g+dGGcIolqaEhgv190SGuFJTHppOjvRYrXpz8T+vn+roxs+oSFJNBF4uilIGdQznQcAhlQRrNjUEYUnNrRCPkURYm7hKJgRv9eV10qlVvXq1fl+rNC7zOIrgFJyBC+CBa9AATdACbYDBE3gGr+DNmlkv1rv1sWwtWPnMCfgD6/MHsweSNw==</latexit>

⌦m - H0

(DESI corresponds to pure Fisher forecast)

<latexit sha1_base64="2pSPoAv3IkvP61tC+K4y/4VT6YM=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqewWqR4LXjxWsB/QXUs2nW1Ds8mSZC1l6f/w4kERr/4Xb/4b03YP2vpg4PHeDDPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTtpapotCikkvVDYkGzgS0DDMcuokCEoccOuH4du53nkBpJsWDmSYQxGQoWMQoMVZ69EMwBPtpQpSSk3654lbdBfA68XJSQTma/fKXP5A0jUEYyonWPc9NTJARZRjlMCv5qYaE0DEZQs9SQWLQQba4eoYvrDLAkVS2hMEL9fdERmKtp3FoO2NiRnrVm4v/eb3URDdBxkSSGhB0uShKOTYSzyPAA6aAGj61hFDF7K2Yjogi1NigSjYEb/XlddKuVb16tX5/VWnU8jiK6Aydo0vkoWvUQHeoiVqIIoWe0St6cybOi/PufCxbC04+c4r+wPn8AY4ckoU=</latexit>

� "
<latexit sha1_base64="bqfJ3W978qoir/m8tiRPxFMf/e8=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBFclUSkuiy4cWcF+4AmhMl00g6dR5iZWErsp7hxoYhbv8Sdf+O0zUJbD1w4nHMv994Tp4xq43nfztr6xubWdmmnvLu3f3DoVo7aWmYKkxaWTKpujDRhVJCWoYaRbqoI4jEjnXh0M/M7j0RpKsWDmaQk5GggaEIxMlaK3Epwx8kARRwGWYqUkuPIrXo1bw64SvyCVEGBZuR+BX2JM06EwQxp3fO91IQ5UoZiRqblINMkRXiEBqRnqUCc6DCfnz6FZ1bpw0QqW8LAufp7Ikdc6wmPbSdHZqiXvZn4n9fLTHId5lSkmSECLxYlGYNGwlkOsE8VwYZNLEFYUXsrxEOkEDY2rbINwV9+eZW0L2p+vVa/v6w2vCKOEjgBp+Ac+OAKNMAtaIIWwGAMnsEreHOenBfn3flYtK45xcwx+APn8wcu/JPr</latexit>

⌦m "
<latexit sha1_base64="1LpKYbB75PAaGBBNm2ieUFkwvmY=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJcFN11WsA9ox5JJM21oJhmSjKUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS1jJRhLaI5FJ1A6wpZ4K2DDOcdmNFcRRw2gkmd5nfeaJKMykezCymfoRHgoWMYGOlx8bARf2hnAqslJwOyhW36i6A1omXkwrkaA7KXzZMkogKQzjWuue5sfFTrAwjnM5L/UTTGJMJHtGepQJHVPvp4uo5urDKEIVS2ScMWqi/EymOtJ5FgZ2MsBnrVS8T//N6iQlv/ZSJODFUkOWiMOHISJRVgIZMUWL4zBJMFLO3IjLGChNjiyrZErzVL6+T9lXVq1Vr99eVupvXUYQzOIdL8OAG6tCAJrSAgIJneIU3Z+q8OO/Ox3K04OSZU/gD5/MHEw2SNQ==</latexit>

H0 #



Conclusion

• EFT of LSS applied successfully in standard cosmology 

• DESI / Euclid data are here / imminent, time to put BSM ideas to test 

• Extending EFT of LSS to BSM is robust path to potential discoveries

36

• Extend EFT of LSS to massive mediators 

      probe larger masses for which  

• Full analysis including relative fluctuations 

           probe DM fraction

<latexit sha1_base64="BxubFLEbQIskv59gWZvmkOFDWVs=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQi1WXBjbiqYB/QhjCZTtIhM5M4MxFLyK+4caGIW3/EnX/jtM1CWw9cOJxzL/feE6SMKu0431ZlbX1jc6u6XdvZ3ds/sA/rPZVkEpMuTlgiBwFShFFBuppqRgapJIgHjPSD+Hrm9x+JVDQR93qaEo+jSNCQYqSN5Nv12L+FoyiCsZ+PJIfkofDthtN05oCrxC1JA5To+PbXaJzgjBOhMUNKDV0n1V6OpKaYkaI2yhRJEY5RRIaGCsSJ8vL57QU8NcoYhok0JTScq78ncsSVmvLAdHKkJ2rZm4n/ecNMh1deTkWaaSLwYlGYMagTOAsCjqkkWLOpIQhLam6FeIIkwtrEVTMhuMsvr5LeedNtNVt3F422U8ZRBcfgBJwBF1yCNrgBHdAFGDyBZ/AK3qzCerHerY9Fa8UqZ47AH1ifPxLlk8k=</latexit>

kJ � keq

*preliminary*

<latexit sha1_base64="BXb7XxuMilfD5hVnMnTREjX3vE4=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48V7Ac0oWy2m3bpZhN2J0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5iOlIgEo2glPxr4bCyILyXxBtWaW3cXIOvEK0gNCrQG1S9/mLAs5gqZpMb0PTfFIKcaBZN8VvEzw1PKJnTE+5YqGnMT5IubZ+TCKkMSJdqWQrJQf0/kNDZmGoe2M6Y4NqveXPzP62cY3Qa5UGmGXLHloiiTBBMyD4AMheYM5dQSyrSwtxI2ppoytDFVbAje6svrpHNV9xr1xsN1rekWcZThDM7hEjy4gSbcQwvawCCFZ3iFNydzXpx352PZWnKKmVP4A+fzB+QSkOU=</latexit>

f� ⌧ 1

[in progress]

[in progress]
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• EFT of LSS applied successfully in standard cosmology 

• DESI / Euclid data are here / imminent, time to put BSM ideas to test 

• Extending EFT of LSS to BSM is robust path to potential discoveries
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• Extend EFT of LSS to massive mediators 

      probe larger masses for which  

• Full analysis including relative fluctuations 

           probe DM fraction

<latexit sha1_base64="BxubFLEbQIskv59gWZvmkOFDWVs=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQi1WXBjbiqYB/QhjCZTtIhM5M4MxFLyK+4caGIW3/EnX/jtM1CWw9cOJxzL/feE6SMKu0431ZlbX1jc6u6XdvZ3ds/sA/rPZVkEpMuTlgiBwFShFFBuppqRgapJIgHjPSD+Hrm9x+JVDQR93qaEo+jSNCQYqSN5Nv12L+FoyiCsZ+PJIfkofDthtN05oCrxC1JA5To+PbXaJzgjBOhMUNKDV0n1V6OpKaYkaI2yhRJEY5RRIaGCsSJ8vL57QU8NcoYhok0JTScq78ncsSVmvLAdHKkJ2rZm4n/ecNMh1deTkWaaSLwYlGYMagTOAsCjqkkWLOpIQhLam6FeIIkwtrEVTMhuMsvr5LeedNtNVt3F422U8ZRBcfgBJwBF1yCNrgBHdAFGDyBZ/AK3qzCerHerY9Fa8UqZ47AH1ifPxLlk8k=</latexit>

kJ � keq

*preliminary*
<latexit sha1_base64="BXb7XxuMilfD5hVnMnTREjX3vE4=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48V7Ac0oWy2m3bpZhN2J0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5iOlIgEo2glPxr4bCyILyXxBtWaW3cXIOvEK0gNCrQG1S9/mLAs5gqZpMb0PTfFIKcaBZN8VvEzw1PKJnTE+5YqGnMT5IubZ+TCKkMSJdqWQrJQf0/kNDZmGoe2M6Y4NqveXPzP62cY3Qa5UGmGXLHloiiTBBMyD4AMheYM5dQSyrSwtxI2ppoytDFVbAje6svrpHNV9xr1xsN1rekWcZThDM7hEjy4gSbcQwvawCCFZ3iFNydzXpx352PZWnKKmVP4A+fzB+QSkOU=</latexit>

f� ⌧ 1

[in progress]

[in progress]
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Naturalness

DM

scalar mediator
effect of interaction can be seen  
as field-dependent mass for DM

scalar mediatorfield-dependent DM mass

<latexit sha1_base64="Nt74ck2mlfu2K/o+6B3+6JGXiiw=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjJ1+phdwY3LFuwD2qFk0kwbm8kMSUYoQ7/AjQtF3PpJ7vwb04egogcuHM65l3vvCRLOlEbow8ptbG5t7+R3C3v7B4dHxeOTjopTSWibxDyWvQArypmgbc00p71EUhwFnHaD6fXC795TqVgsbvUsoX6Ex4KFjGBtpJYaFkvIRhXPrZUhsivI8dwrQzyv7lYr0LHREiWwRnNYfB+MYpJGVGjCsVJ9ByXaz7DUjHA6LwxSRRNMpnhM+4YKHFHlZ8tD5/DCKCMYxtKU0HCpfp/IcKTULApMZ4T1RP32FuJfXj/VYd3PmEhSTQVZLQpTDnUMF1/DEZOUaD4zBBPJzK2QTLDERJtsCiaEr0/h/6RTtp2qXW25pYa7jiMPzsA5uAQOqIEGuAFN0AYEUPAAnsCzdWc9Wi/W66o1Z61nTsEPWG+fX9mNTg==</latexit>s

<latexit sha1_base64="Ay8MWrV72dpkf5HVIbIUzWwRuCs="></latexit>

2L � �m2
��

2 � '�2

<latexit sha1_base64="9QZv6zI1iarzGXipF63NOJxKJnE="></latexit>

2L = �(@�)2 �m2
�(s)�

2
�

1

2Gs
(@s)2 �

1

2Gs
m2

ss
2 +O(1/G2

s)

Define new scalar potential
<latexit sha1_base64="eDOhpGLiP1RUJE4BdSltv3h5QAI=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrmpSpLoRCi50WcE+oI1hMp20QyeTMDMplFDwV9y4UMSt3+HOv3H6WGjrgQuHc+7l3nuChDOlHefbyq2srq1v5DcLW9s7u3v2/kFDxakktE5iHstWgBXlTNC6ZprTViIpjgJOm8HgZuI3h1QqFosHPUqoF+GeYCEjWBvJt48Uuka3vnrM3PPyGHWGWCZ95ttFp+RMgZaJOydFmKPm21+dbkzSiApNOFaq7TqJ9jIsNSOcjgudVNEEkwHu0bahAkdUedn0/DE6NUoXhbE0JTSaqr8nMhwpNYoC0xlh3VeL3kT8z2unOrzyMiaSVFNBZovClCMdo0kWqMskJZqPDMFEMnMrIn0sMdEmsYIJwV18eZk0yiW3UqrcXxSr5XkceTiGEzgDFy6hCndQgzoQyOAZXuHNerJerHfrY9aas+Yzh/AH1ucPWbKUbw==</latexit>

s = G1/2
s '

<latexit sha1_base64="4Uz/5D++3L83VuQSbNhoYm0/rCs=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwVZJSqsuCC11WsA9o0jCZTtqhk0mcmRRKyA+48VfcuFDErXt3/o3TNgttPXDhcM693HuPHzMqlWV9G4W19Y3NreJ2aWd3b//APDxqyygRmLRwxCLR9ZEkjHLSUlQx0o0FQaHPSMcfX8/8zoQISSN+r6YxcUM05DSgGCkteebZjSehQx4SOoFOIBBOnTGKY9SvZmnoOXhE+7XMM8tWxZoDrhI7J2WQo+mZX84gwklIuMIMSdmzrVi5KRKKYkaykpNIEiM8RkPS05SjkEg3nX+TwXOtDGAQCV1cwbn6eyJFoZTT0NedIVIjuezNxP+8XqKCKzelPE4U4XixKEgYVBGcRQMHVBCs2FQThAXVt0I8QjoTpQMs6RDs5ZdXSbtaseuV+l2t3KjmcRTBCTgFF8AGl6ABbkETtAAGj+AZvII348l4Md6Nj0VrwchnjsEfGJ8/YbCbvA==</latexit>

Gs ⌘
2

m4
�

<latexit sha1_base64="t0W9WL5VEJfIFdKslaYvPa319Y8="></latexit>

H0 ⇡ 10�33 eV

Scalar mass should be at least of size generated by DM loops

<latexit sha1_base64="+RW2/FJyesuZlajSuziyR3QlPwg="></latexit>

m2
s & �

(4⇡)2
m4

�

M2
Pl

<latexit sha1_base64="EstQP9kcKUT39wCQ7wOvBkWs+RY="></latexit>

m� . (4⇡msMPl)1/2

�1/4
⇠ 10�2 eV

�1/4

✓
ms

H0

◆1/2

<latexit sha1_base64="Nt74ck2mlfu2K/o+6B3+6JGXiiw=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjJ1+phdwY3LFuwD2qFk0kwbm8kMSUYoQ7/AjQtF3PpJ7vwb04egogcuHM65l3vvCRLOlEbow8ptbG5t7+R3C3v7B4dHxeOTjopTSWibxDyWvQArypmgbc00p71EUhwFnHaD6fXC795TqVgsbvUsoX6Ex4KFjGBtpJYaFkvIRhXPrZUhsivI8dwrQzyv7lYr0LHREiWwRnNYfB+MYpJGVGjCsVJ9ByXaz7DUjHA6LwxSRRNMpnhM+4YKHFHlZ8tD5/DCKCMYxtKU0HCpfp/IcKTULApMZ4T1RP32FuJfXj/VYd3PmEhSTQVZLQpTDnUMF1/DEZOUaD4zBBPJzK2QTLDERJtsCiaEr0/h/6RTtp2qXW25pYa7jiMPzsA5uAQOqIEGuAFN0AYEUPAAnsCzdWc9Wi/W66o1Z61nTsEPWG+fX9mNTg==</latexit>s <latexit sha1_base64="Nt74ck2mlfu2K/o+6B3+6JGXiiw=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjJ1+phdwY3LFuwD2qFk0kwbm8kMSUYoQ7/AjQtF3PpJ7vwb04egogcuHM65l3vvCRLOlEbow8ptbG5t7+R3C3v7B4dHxeOTjopTSWibxDyWvQArypmgbc00p71EUhwFnHaD6fXC795TqVgsbvUsoX6Ex4KFjGBtpJYaFkvIRhXPrZUhsivI8dwrQzyv7lYr0LHREiWwRnNYfB+MYpJGVGjCsVJ9ByXaz7DUjHA6LwxSRRNMpnhM+4YKHFHlZ8tD5/DCKCMYxtKU0HCpfp/IcKTULApMZ4T1RP32FuJfXj/VYd3PmEhSTQVZLQpTDnUMF1/DEZOUaD4zBBPJzK2QTLDERJtsCiaEr0/h/6RTtp2qXW25pYa7jiMPzsA5uAQOqIEGuAFN0AYEUPAAnsCzdWc9Wi/W66o1Z61nTsEPWG+fX9mNTg==</latexit>s<latexit sha1_base64="v6d4ernRNW1GwAXXds7j61QQGxU=">AAAB63icdVBNS8NAEJ34WetX1aOXxSJ4Cklb23orePFYwX5AG8pmu2mXbjZhdyOU0L/gxYMiXv1D3vw3btoIKvpg4PHeDDPz/JgzpR3nw1pb39jc2i7sFHf39g8OS0fHXRUlktAOiXgk+z5WlDNBO5ppTvuxpDj0Oe35s+vM791TqVgk7vQ8pl6IJ4IFjGCdSUMyZaNS2bFrV02n2kArclnJSa2KXNtZogw52qPS+3AckSSkQhOOlRq4Tqy9FEvNCKeL4jBRNMZkhid0YKjAIVVeurx1gc6NMkZBJE0JjZbq94kUh0rNQ990hlhP1W8vE//yBokOml7KRJxoKshqUZBwpCOUPY7GTFKi+dwQTCQztyIyxRITbeIpmhC+PkX/k27Fdut2/bZWbtXzOApwCmdwAS40oAU30IYOEJjCAzzBsxVaj9aL9bpqXbPymRP4AevtE33Xjog=</latexit>�

expect DM to be a light boson



Naturalness

DM

scalar mediator
effect of interaction can be seen  
as field-dependent mass for DM

scalar mediatorfield-dependent DM mass

<latexit sha1_base64="Nt74ck2mlfu2K/o+6B3+6JGXiiw=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjJ1+phdwY3LFuwD2qFk0kwbm8kMSUYoQ7/AjQtF3PpJ7vwb04egogcuHM65l3vvCRLOlEbow8ptbG5t7+R3C3v7B4dHxeOTjopTSWibxDyWvQArypmgbc00p71EUhwFnHaD6fXC795TqVgsbvUsoX6Ex4KFjGBtpJYaFkvIRhXPrZUhsivI8dwrQzyv7lYr0LHREiWwRnNYfB+MYpJGVGjCsVJ9ByXaz7DUjHA6LwxSRRNMpnhM+4YKHFHlZ8tD5/DCKCMYxtKU0HCpfp/IcKTULApMZ4T1RP32FuJfXj/VYd3PmEhSTQVZLQpTDnUMF1/DEZOUaD4zBBPJzK2QTLDERJtsCiaEr0/h/6RTtp2qXW25pYa7jiMPzsA5uAQOqIEGuAFN0AYEUPAAnsCzdWc9Wi/W66o1Z61nTsEPWG+fX9mNTg==</latexit>s

<latexit sha1_base64="Ay8MWrV72dpkf5HVIbIUzWwRuCs="></latexit>

2L � �m2
��

2 � '�2

<latexit sha1_base64="9QZv6zI1iarzGXipF63NOJxKJnE="></latexit>

2L = �(@�)2 �m2
�(s)�

2
�

1

2Gs
(@s)2 �

1

2Gs
m2

ss
2 +O(1/G2

s)

Define new scalar potential
<latexit sha1_base64="eDOhpGLiP1RUJE4BdSltv3h5QAI=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrmpSpLoRCi50WcE+oI1hMp20QyeTMDMplFDwV9y4UMSt3+HOv3H6WGjrgQuHc+7l3nuChDOlHefbyq2srq1v5DcLW9s7u3v2/kFDxakktE5iHstWgBXlTNC6ZprTViIpjgJOm8HgZuI3h1QqFosHPUqoF+GeYCEjWBvJt48Uuka3vnrM3PPyGHWGWCZ95ttFp+RMgZaJOydFmKPm21+dbkzSiApNOFaq7TqJ9jIsNSOcjgudVNEEkwHu0bahAkdUedn0/DE6NUoXhbE0JTSaqr8nMhwpNYoC0xlh3VeL3kT8z2unOrzyMiaSVFNBZovClCMdo0kWqMskJZqPDMFEMnMrIn0sMdEmsYIJwV18eZk0yiW3UqrcXxSr5XkceTiGEzgDFy6hCndQgzoQyOAZXuHNerJerHfrY9aas+Yzh/AH1ucPWbKUbw==</latexit>

s = G1/2
s '

<latexit sha1_base64="4Uz/5D++3L83VuQSbNhoYm0/rCs=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwVZJSqsuCC11WsA9o0jCZTtqhk0mcmRRKyA+48VfcuFDErXt3/o3TNgttPXDhcM693HuPHzMqlWV9G4W19Y3NreJ2aWd3b//APDxqyygRmLRwxCLR9ZEkjHLSUlQx0o0FQaHPSMcfX8/8zoQISSN+r6YxcUM05DSgGCkteebZjSehQx4SOoFOIBBOnTGKY9SvZmnoOXhE+7XMM8tWxZoDrhI7J2WQo+mZX84gwklIuMIMSdmzrVi5KRKKYkaykpNIEiM8RkPS05SjkEg3nX+TwXOtDGAQCV1cwbn6eyJFoZTT0NedIVIjuezNxP+8XqKCKzelPE4U4XixKEgYVBGcRQMHVBCs2FQThAXVt0I8QjoTpQMs6RDs5ZdXSbtaseuV+l2t3KjmcRTBCTgFF8AGl6ABbkETtAAGj+AZvII348l4Md6Nj0VrwchnjsEfGJ8/YbCbvA==</latexit>

Gs ⌘
2

m4
�

<latexit sha1_base64="t0W9WL5VEJfIFdKslaYvPa319Y8="></latexit>

H0 ⇡ 10�33 eV

<latexit sha1_base64="0lM4Y8j+dG0svf7Sdkvzf19XUNg=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFclZki1Y1Q0IXLCvYBnWHIpGkbmmRCkhGGof6KGxeKuPVD3Pk3pu0stPXAhcM593LvPbFkVBvP+3bW1jc2t7ZLO+Xdvf2DQ/fouKOTVGHSxglLVC9GmjAqSNtQw0hPKoJ4zEg3ntzM/O4jUZom4sFkkoQcjQQdUoyMlSK3EkyQlAhew1F0C3kU4DGN3KpX8+aAq8QvSBUUaEXuVzBIcMqJMJghrfu+J02YI2UoZmRaDlJNJMITNCJ9SwXiRIf5/PgpPLPKAA4TZUsYOFd/T+SIa53x2HZyZMZ62ZuJ/3n91AyvwpwKmRoi8GLRMGXQJHCWBBxQRbBhmSUIK2pvhXiMFMLG5lW2IfjLL6+STr3mN2qN+4tqs17EUQIn4BScAx9cgia4Ay3QBhhk4Bm8gjfnyXlx3p2PReuaU8xUwB84nz82qpPQ</latexit> = gDm�
<latexit sha1_base64="WPvF00+70ixAzzqtkZMjJ4dNYd4=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd2g0YOHgBePEcwDkiXMTmaTIbMPZ3oDYcl3ePGgiFc/xpt/42yyB00saLqo6mZ6youl0Gjb39ba+sbm1nZhp7i7t39wWDo6bukoUYw3WSQj1fGo5lKEvIkCJe/EitPAk7ztje8yvz3hSosofMRpzN2ADkPhC0bRSG7P40jJLbErtn3VL5WznoGsEicnZcjR6Je+eoOIJQEPkUmqddexY3RTqlAwyWfFXqJ5TNmYDnnX0JAGXLvp/OgZOTfKgPiRMhUimau/N1IaaD0NPDMZUBzpZS8T//O6Cfo3birCOEEessVDfiIJRiRLgAyE4gzl1BDKlDC3EjaiijI0ORVNCM7yl1dJq1pxapXaw2W5Xs3jKMApnMEFOHANdbiHBjSBwRM8wyu8WRPrxXq3Phaja1a+cwJ/YH3+ACsqkF4=</latexit>

� < 0.005

current bound



<latexit sha1_base64="0pNt8SwOQ1DJVHNH2Q3YdenIUGU=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh4MVjBfsBTSib7aZdutmE3YlQQv+GFw+KePXPePPfuG1z0OqDYR7vzbCzL0ylMOi6X05pbX1jc6u8XdnZ3ds/qB4edUySacbbLJGJ7oXUcCkUb6NAyXup5jQOJe+Gk9u5333k2ohEPeA05UFMR0pEglG0ku+HHCm5IW7d9QbVmm0LkL/EK0gNCrQG1U9/mLAs5gqZpMb0PTfFIKcaBZN8VvEzw1PKJnTE+5YqGnMT5IubZ+TMKkMSJdqWQrJQf27kNDZmGod2MqY4NqveXPzP62cYXQe5UGmGXLHlQ1EmCSZkHgAZCs0ZyqkllGlhbyVsTDVlaGOq2BC81S//JZ2LuteoN+4va023iKMMJ3AK5+DBFTThDlrQBgYpPMELvDqZ8+y8Oe/L0ZJT7BzDLzgf37UOkB8=</latexit>

� = 0.01
<latexit sha1_base64="QPHeilQqiGffWZ4SsSQDQDI4xs0=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0hEWi9CwYvHCrYW2lA220m7dLOJuxuhlP4JLx4U8erf8ea/cdvmoK0PBh7vzTAzL0wF18bzvp3C2vrG5lZxu7Szu7d/UD48aukkUwybLBGJaodUo+ASm4Ybge1UIY1DgQ/h6GbmPzyh0jyR92acYhDTgeQRZ9RYqT0k18Rzq7VeueK53hxklfg5qUCORq/81e0nLItRGiao1h3fS00wocpwJnBa6mYaU8pGdIAdSyWNUQeT+b1TcmaVPokSZUsaMld/T0xorPU4Dm1nTM1QL3sz8T+vk5noKphwmWYGJVssijJBTEJmz5M+V8iMGFtCmeL2VsKGVFFmbEQlG4K//PIqaV24ftWt3l1W6l4eRxFO4BTOwYca1OEWGtAEBgKe4RXenEfnxXl3PhatBSefOYY/cD5/AMY/jnM=</latexit>

h = 0.67

<latexit sha1_base64="h70A0FohN/XUjGKWDYkrBXl22+k=">AAACDnicdVDLSsNAFJ34rPUVdelmsJS2m5Jq0XYhFNx0WcE+oIlhMp20QyeTMDMR2tAvcOOvuHGhiFvX7vwbpw/B54ELh3Pu5d57vIhRqSzr3VhaXlldW09tpDe3tnd2zb39lgxjgUkThywUHQ9JwignTUUVI51IEBR4jLS94cXUb98QIWnIr9QoIk6A+pz6FCOlJdfM2nhAYX5cgOfQply51vUY2r5AOOmNc5Oknh/nChPXzFjFcrVinVThb1IqWjNkwAIN13yzeyGOA8IVZkjKbsmKlJMgoShmZJK2Y0kihIeoT7qachQQ6SSzdyYwq5Ue9EOhiys4U79OJCiQchR4ujNAaiB/elPxL68bK7/iJJRHsSIczxf5MYMqhNNsYI8KghUbaYKwoPpWiAdIZ6F0gmkdwuen8H/SOi6WTovly3KmZi3iSIFDcATyoATOQA3UQQM0AQa34B48gifjzngwno2XeeuSsZg5AN9gvH4A6dGaxA==</latexit>

�(z) =

Z z

0

dz
0

H(z0)

<latexit sha1_base64="VwQiu9cQPYu6uNYWo0vVIS+2tZQ=">AAACBHicdVDLSgNBEJz1GeMr6jGXwSB4WnaTmMSDEPDiMYJ5QDYss5PZZMjsg5leISw5ePFXvHhQxKsf4c2/cZKsoKIFDUVVN91dXiy4Asv6MFZW19Y3NnNb+e2d3b39wsFhR0WJpKxNIxHJnkcUEzxkbeAgWC+WjASeYF1vcjn3u7dMKh6FNzCN2SAgo5D7nBLQklsoOjBmQFyFL7DjS0JT6apZ6tAxn7mFkmVWzxtWpY6X5KyckWoF26a1QAllaLmFd2cY0SRgIVBBlOrbVgyDlEjgVLBZ3kkUiwmdkBHraxqSgKlBunhihk+0MsR+JHWFgBfq94mUBEpNA093BgTG6rc3F//y+gn4jUHKwzgBFtLlIj8RGCI8TwQPuWQUxFQTQiXXt2I6JjoK0LnldQhfn+L/Sads2jWzdl0tNctZHDlURMfoFNmojproCrVQG1F0hx7QE3o27o1H48V4XbauGNnMEfoB4+0TUh2YiA==</latexit>

✓s =
rs
�

Hubble and distances



Comparison to bullet cluster constraints

[Bogorad, Graham, Ramani 2311.07648]

<latexit sha1_base64="yQUVPE7yPGuHyW+EkcEJSITjSzw=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KolI9SIUvHisYD+gjWWy3bRLN5uwu1FK6P/w4kERr/4Xb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Gbqtx6Z0jyW92acMD/CgeQhp2is9NBFkQyRXJNuwAz2SmW34s5AlomXkzLkqPdKX91+TNOISUMFat3x3MT4GSrDqWCTYjfVLEE6wgHrWCoxYtrPZldPyKlV+iSMlS1pyEz9PZFhpPU4CmxnhGaoF72p+J/XSU145WdcJqlhks4XhakgJibTCEifK0aNGFuCVHF7K6FDVEiNDapoQ/AWX14mzfOKV61U7y7KtWoeRwGO4QTOwINLqMEt1KEBFBQ8wyu8OU/Oi/PufMxbV5x85gj+wPn8AYaQkdw=</latexit>

↵ = �


