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4) Antonio’s magic powers!
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SDSSAtlas - LHC

Standard Model(s) established 
now, search for New Physics!

Neutrino masses 
Inflationary dynamics 

Dark Energy 
Dark Matter 

Dark radiation 
Gravity on cosmological scales
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The CMB-LSS relay race

Info in CMB ≃ Info in LSS



Number of galaxy spectra as a function of time
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The CMB-LSS relay race

Info in CMB ≃ Info in LSS
CMB is (mostly) linear - LSS is (mostly) nonlinear



New Physics in LSS: “Energy” vs “Intensity”



New Physics in LSS: “Energy” vs “Intensity”

Kuhlen, Vogelsberger, Angulo 1209.5745

example: Non Cold Dark Matter



Precision frontier vs small-scale frontier 

Slide by M. Garny (see also Castorina, Redigolo, Salvioni+)



IF DESI results are correct,  
is it “just” Dark Energy (= background) 

 or (e.g.) Modified GR (= background + perturbations)?

DESI DR2: 2503.14738



The state of the art: EFToLSS + bias expansion 

PT + symmetry-based OPE  for nonperturbative effects: 
- beyond fluid approximation; 
- (gastro)physics of galaxy formation; 
- stocasticity.

Baumann, Nicolis, Senatore, Zaldarriaga 2010 
MP, Mangano, Saviano, Viel, 2011 
Carrasco, Hertzberg, Senatore, 2012 
… see Desjacques, Jeong, Schmidt, Phys Rep. 733 (2018)
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D’Amico et al. 1909.05271  
Ivanov et al. 1909.05277

𝝠CDM vs. BOSS data

Boss Power Spectrum (+ BBN prior) 
competitive with CMB-Planck!



beyond 𝝠CDM: what is it?

credit: A. Guarnizo Trilleras



Strategy #1

Model by model, or lagrangian by lagrangian



nDGP meets BOSS data

Piga, Marinucci, D’Amico, MP, Vernizzi, Wright, 2211.12523 

Imposing a Planck prior on As

rc > 1.12 H0-1  @ 95% C.L. 

rc : cross-over scale between 4d and 5d cosmology  



Strategy #2
one lagrangian: Effective field theory of DE

(most generic lagrangian compatibile with symmetries)



EFToDE 

Gleyzes, Langlois, Piazza, Vernizzi, ‘13

arbitrary time-dependence of the coefficients 



EFToDE 

Gleyzes, Langlois, Piazza, Vernizzi, ‘13

arbitrary time-dependence of the coefficients 

Taule, Marinucci, Biselli, MP, Vernizzi, 2409.08971



Strategy #3

No lagrangian: symmetries! 
(most generic observables compatibile with symmetries)



Model independent tests of the Standard Model of Particle Physics
Ex: “custodial” SU(2) breaking by new physics 
in the loops:

de Blas et al, 1608.01509
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Model independent PT: the LSS bootstrap
Perturbation theory (PT) without assuming equations of motion 
Enforcing symmetry constraints on the observables
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Non perturbative level:  
Soft limits of nonlinearities, Consistency Relations

Peloso, MP, ’13; Kehagias, Riotto, ’13; 
Creminelli, Norena, Simonovic, Vernizzi, ‘13

Extended “Galilean” invariance  
(a.k.a. the Equivalence Principle)



Non perturbative level:  
Soft limits of nonlinearities, Consistency Relations

Peloso, MP, ’13; Kehagias, Riotto, ’13; 
Creminelli, Norena, Simonovic, Vernizzi, ‘13

Extended “Galilean” invariance  
(a.k.a. the Equivalence Principle)

G. D’Amico, M. Marinucci, MP, F. Vernizzi 2109.09573
Perturbation theory: the LSS bootstrap

see also T. Fujita, Z. Vlah, 2003.10114
M. Marinucci, K. Pardede, MP, 2405.08413 

A.  Ansari, A. Banerjee, S. Jain, S. Lalsodagar 2504.01078
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Extended “Galilean” invariance constraints on the PT kernels

linear displacement:
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<latexit sha1_base64="xS5usbU0kYL9JKuT5vMCX7+v2Rg=">AAAB/XicbVDLSsNAFJ34rPUVdSnIYBFakJJIUcFNwY3LCvYBTQ2T6aQdOpmEmRuhhODGX3Ej4kbBX/AX/BvTNpu2Hhg4nHOGe+/xIsE1WNavsbK6tr6xWdgqbu/s7u2bB4ctHcaKsiYNRag6HtFMcMmawEGwTqQYCTzB2t7oduK3n5jSPJQPMI5YLyADyX1OCWSSa544fSaAPCZlu5KWE8fz8Sh1E5meO0DiimuWrKo1BV4mdk5KKEfDNX+cfkjjgEmggmjdta0IeglRwKlgadGJNYsIHZEBS6bbp/gsk/rYD1X2JOCpOpcjgdbjwMuSAYGhXvQm4n9eNwb/updwGcXAJJ0N8mOBIcSTKnCfK0ZBjDNCqOLZhpgOiSIUssKK2en24qHLpHVRtS+rtftaqX6Tl1BAx+gUlZGNrlAd3aEGaiKKXtAb+kRfxrPxarwbH7PoipH/OUJzML7/AGOdlFE=</latexit>

�(1)(kn, ⌧)
PT kernel F(n)

x+ d(⌧)
<latexit sha1_base64="4UCa/YmyF7fPkcRaXxmHofNr26s=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GVqESqEkjajdFd24rGAf0IQymU7aoZMHMxOxhuJP+AFuXCji1v9w179x0iio6IHLPZxzL3PnuBGjQhrGTMstLC4tr+RXC2vrG5tb+vZOW4Qxx6SFQxbyrosEYTQgLUklI92IE+S7jHTc8Xnqd64JFzQMruQkIo6PhgH1KEZSSX19z3a95GZaSdtgCsu2RPFhXy8Z1XqKY5gRq66IcWQalgXNqjFHqVG0K/ezxqTZ19/tQYhjnwQSMyREzzQi6SSIS4oZmRbsWJAI4TEakp6iAfKJcJL59VN4oJQB9EKuKpBwrn7fSJAvxMR31aSP5Ej89lLxL68XS+/USWgQxZIEOHvIixmUIUyjgAPKCZZsogjCnKpbIR4hjrBUgRVUCF8/hf+Tdq1qWtXapUrjDGTIg31QBGVgghPQABegCVoAg1vwAJ7As3anPWov2ms2mtM+d3bBD2hvH4vnmEY=</latexit>

<latexit sha1_base64="bXZjSD1NDuaiYj5HR5ehaHJDiNI="></latexit>

�(k, ⌧) ! eik·d(⌧)�(k, ⌧)

Extended “Galilean” invariance constraints on the PT kernels

linear displacement:

<latexit sha1_base64="dC+jJ55qlVNnjh0vyXvvrvgiN5c="></latexit>

�(n)(k, ⌧)

<latexit sha1_base64="+XFruLTKQgyyM0RfM6+o7/OaqTQ="></latexit>

�(n)(k, ⌧) ! ik · d(1)(⌧)�(n�1)(k, ⌧) + · · ·

<latexit sha1_base64="JkKgHU7FJfBHJW5naHhulTEabxU="></latexit>

k1 ! 0



<latexit sha1_base64="MIV2RI9Jwpfeg/QW19PH1szkjFA=">AAAB+3icbVDLSsNAFJ3UV62vqEtdDBahBSmJFBXcFNy4rGAf0NQwmU7aoZMHMzdCCdn4K25E3Cj4D/6Cf+O0zaatBwYO55zh3nu8WHAFlvVrFNbWNza3itulnd29/QPz8KitokRS1qKRiGTXI4oJHrIWcBCsG0tGAk+wjje+m/qdZyYVj8JHmMSsH5BhyH1OCWjJNU+dARNAntJKWM0qqeP5eJy59oUDJKm6ZtmqWTPgVWLnpIxyNF3zxxlENAlYCFQQpXq2FUM/JRI4FSwrOYliMaFjMmTpbPcMn2tpgP1I6hcCnqkLORIoNQk8nQwIjNSyNxX/83oJ+Df9lIdxAiyk80F+IjBEeFoEHnDJKIiJJoRKrjfEdEQkoaDrKunT7eVDV0n7smZf1eoP9XLjNi+hiE7QGaogG12jBrpHTdRCFL2gN/SJvozMeDXejY95tGDkf47RAozvP5e/k0U=</latexit>

�(n)(k1, ⌧)

<latexit sha1_base64="T5ScLEWbSmpuDz2vQW0rbu+pwQE=">AAAB+3icbVDLSsNAFJ3UV62vqEtdDBahBSmJFBXcFNy4rGAf0NQwmU7aoZMHMzdCCdn4K25E3Cj4D/6Cf+O0zaatBwYO55zh3nu8WHAFlvVrFNbWNza3itulnd29/QPz8KitokRS1qKRiGTXI4oJHrIWcBCsG0tGAk+wjje+m/qdZyYVj8JHmMSsH5BhyH1OCWjJNU+dARNAntKKXc0qqeP5eJy59oUDJKm6ZtmqWTPgVWLnpIxyNF3zxxlENAlYCFQQpXq2FUM/JRI4FSwrOYliMaFjMmTpbPcMn2tpgP1I6hcCnqkLORIoNQk8nQwIjNSyNxX/83oJ+Df9lIdxAiyk80F+IjBEeFoEHnDJKIiJJoRKrjfEdEQkoaDrKunT7eVDV0n7smZf1eoP9XLjNi+hiE7QGaogG12jBrpHTdRCFL2gN/SJvozMeDXejY95tGDkf47RAozvPzljkwg=</latexit>

�(1)(k1, ⌧)

<latexit sha1_base64="qSd2KaJFiMNtY73uCbwAD2J+MTQ=">AAAB+3icbVDLSsNAFJ34rPUVdamLwSK0ICUpRQU3BTcuK9gHNDVMppN26OTBzI1QQjb+ihsRNwr+g7/g3zhts2nrgYHDOWe49x4vFlyBZf0aa+sbm1vbhZ3i7t7+waF5dNxWUSIpa9FIRLLrEcUED1kLOAjWjSUjgSdYxxvfTf3OM5OKR+EjTGLWD8gw5D6nBLTkmmfOgAkgT2nZrmTl1PF8PM7c2qUDJKm4ZsmqWjPgVWLnpIRyNF3zxxlENAlYCFQQpXq2FUM/JRI4FSwrOoliMaFjMmTpbPcMX2hpgP1I6hcCnqkLORIoNQk8nQwIjNSyNxX/83oJ+Df9lIdxAiyk80F+IjBEeFoEHnDJKIiJJoRKrjfEdEQkoaDrKurT7eVDV0m7VrWvqvWHeqlxm5dQQKfoHJWRja5RA92jJmohil7QG/pEX0ZmvBrvxsc8umbkf07QAozvPzrjkwk=</latexit>

�(1)(k2, ⌧)

<latexit sha1_base64="A0bTHrn+iZsif1N6+VyDJ0LGLz0=">AAAB/3icbVDLSsNAFJ3UV62vqEs3g0VoQUsiRQU3BTcuK9gHNDVMppN26GQSZm6EErJw46+4EXGj4B/4C/6NaZtNqwcGDuec4d57vEhwDZb1YxRWVtfWN4qbpa3tnd09c/+grcNYUdaioQhV1yOaCS5ZCzgI1o0UI4EnWMcb30z9ziNTmofyHiYR6wdkKLnPKYFMck3sDJgA8pBU7GpaSRzPx+PUTeSZnZ46QOKqa5atmjUD/kvsnJRRjqZrfjuDkMYBk0AF0bpnWxH0E6KAU8HSkhNrFhE6JkOWzPZP8UkmDbAfquxJwDN1IUcCrSeBlyUDAiO97E3F/7xeDP5VP+EyioFJOh/kxwJDiKdl4AFXjIKYZIRQxbMNMR0RRShklZWy0+3lQ/+S9nnNvqjV7+rlxnVeQhEdoWNUQTa6RA10i5qohSh6Rq/oA30aT8aL8Wa8z6MFI/9ziBZgfP0CTEmUww==</latexit>

�(1)(kn�1, ⌧)

<latexit sha1_base64="xS5usbU0kYL9JKuT5vMCX7+v2Rg=">AAAB/XicbVDLSsNAFJ34rPUVdSnIYBFakJJIUcFNwY3LCvYBTQ2T6aQdOpmEmRuhhODGX3Ej4kbBX/AX/BvTNpu2Hhg4nHOGe+/xIsE1WNavsbK6tr6xWdgqbu/s7u2bB4ctHcaKsiYNRag6HtFMcMmawEGwTqQYCTzB2t7oduK3n5jSPJQPMI5YLyADyX1OCWSSa544fSaAPCZlu5KWE8fz8Sh1E5meO0DiimuWrKo1BV4mdk5KKEfDNX+cfkjjgEmggmjdta0IeglRwKlgadGJNYsIHZEBS6bbp/gsk/rYD1X2JOCpOpcjgdbjwMuSAYGhXvQm4n9eNwb/updwGcXAJJ0N8mOBIcSTKnCfK0ZBjDNCqOLZhpgOiSIUssKK2en24qHLpHVRtS+rtftaqX6Tl1BAx+gUlZGNrlAd3aEGaiKKXtAb+kRfxrPxarwbH7PoipH/OUJzML7/AGOdlFE=</latexit>

�(1)(kn, ⌧)
PT kernel F(n)

x+ d(⌧)
<latexit sha1_base64="4UCa/YmyF7fPkcRaXxmHofNr26s=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GVqESqEkjajdFd24rGAf0IQymU7aoZMHMxOxhuJP+AFuXCji1v9w179x0iio6IHLPZxzL3PnuBGjQhrGTMstLC4tr+RXC2vrG5tb+vZOW4Qxx6SFQxbyrosEYTQgLUklI92IE+S7jHTc8Xnqd64JFzQMruQkIo6PhgH1KEZSSX19z3a95GZaSdtgCsu2RPFhXy8Z1XqKY5gRq66IcWQalgXNqjFHqVG0K/ezxqTZ19/tQYhjnwQSMyREzzQi6SSIS4oZmRbsWJAI4TEakp6iAfKJcJL59VN4oJQB9EKuKpBwrn7fSJAvxMR31aSP5Ej89lLxL68XS+/USWgQxZIEOHvIixmUIUyjgAPKCZZsogjCnKpbIR4hjrBUgRVUCF8/hf+Tdq1qWtXapUrjDGTIg31QBGVgghPQABegCVoAg1vwAJ7As3anPWov2ms2mtM+d3bBD2hvH4vnmEY=</latexit>

<latexit sha1_base64="bXZjSD1NDuaiYj5HR5ehaHJDiNI="></latexit>

�(k, ⌧) ! eik·d(⌧)�(k, ⌧)

Extended “Galilean” invariance constraints on the PT kernels

linear displacement:

<latexit sha1_base64="dC+jJ55qlVNnjh0vyXvvrvgiN5c="></latexit>

�(n)(k, ⌧)

<latexit sha1_base64="+XFruLTKQgyyM0RfM6+o7/OaqTQ="></latexit>

�(n)(k, ⌧) ! ik · d(1)(⌧)�(n�1)(k, ⌧) + · · ·

<latexit sha1_base64="JkKgHU7FJfBHJW5naHhulTEabxU="></latexit>

k1 ! 0

<latexit sha1_base64="MIV2RI9Jwpfeg/QW19PH1szkjFA=">AAAB+3icbVDLSsNAFJ3UV62vqEtdDBahBSmJFBXcFNy4rGAf0NQwmU7aoZMHMzdCCdn4K25E3Cj4D/6Cf+O0zaatBwYO55zh3nu8WHAFlvVrFNbWNza3itulnd29/QPz8KitokRS1qKRiGTXI4oJHrIWcBCsG0tGAk+wjje+m/qdZyYVj8JHmMSsH5BhyH1OCWjJNU+dARNAntJKWM0qqeP5eJy59oUDJKm6ZtmqWTPgVWLnpIxyNF3zxxlENAlYCFQQpXq2FUM/JRI4FSwrOYliMaFjMmTpbPcMn2tpgP1I6hcCnqkLORIoNQk8nQwIjNSyNxX/83oJ+Df9lIdxAiyk80F+IjBEeFoEHnDJKIiJJoRKrjfEdEQkoaDrKunT7eVDV0n7smZf1eoP9XLjNi+hiE7QGaogG12jBrpHTdRCFL2gN/SJvozMeDXejY95tGDkf47RAozvP5e/k0U=</latexit>

�(n)(k1, ⌧)

<latexit sha1_base64="T5ScLEWbSmpuDz2vQW0rbu+pwQE=">AAAB+3icbVDLSsNAFJ3UV62vqEtdDBahBSmJFBXcFNy4rGAf0NQwmU7aoZMHMzdCCdn4K25E3Cj4D/6Cf+O0zaatBwYO55zh3nu8WHAFlvVrFNbWNza3itulnd29/QPz8KitokRS1qKRiGTXI4oJHrIWcBCsG0tGAk+wjje+m/qdZyYVj8JHmMSsH5BhyH1OCWjJNU+dARNAntKKXc0qqeP5eJy59oUDJKm6ZtmqWTPgVWLnpIxyNF3zxxlENAlYCFQQpXq2FUM/JRI4FSwrOYliMaFjMmTpbPcMn2tpgP1I6hcCnqkLORIoNQk8nQwIjNSyNxX/83oJ+Df9lIdxAiyk80F+IjBEeFoEHnDJKIiJJoRKrjfEdEQkoaDrKunT7eVDV0n7smZf1eoP9XLjNi+hiE7QGaogG12jBrpHTdRCFL2gN/SJvozMeDXejY95tGDkf47RAozvPzljkwg=</latexit>

�(1)(k1, ⌧)

<latexit sha1_base64="qSd2KaJFiMNtY73uCbwAD2J+MTQ=">AAAB+3icbVDLSsNAFJ34rPUVdamLwSK0ICUpRQU3BTcuK9gHNDVMppN26OTBzI1QQjb+ihsRNwr+g7/g3zhts2nrgYHDOWe49x4vFlyBZf0aa+sbm1vbhZ3i7t7+waF5dNxWUSIpa9FIRLLrEcUED1kLOAjWjSUjgSdYxxvfTf3OM5OKR+EjTGLWD8gw5D6nBLTkmmfOgAkgT2nZrmTl1PF8PM7c2qUDJKm4ZsmqWjPgVWLnpIRyNF3zxxlENAlYCFQQpXq2FUM/JRI4FSwrOoliMaFjMmTpbPcMX2hpgP1I6hcCnqkLORIoNQk8nQwIjNSyNxX/83oJ+Df9lIdxAiyk80F+IjBEeFoEHnDJKIiJJoRKrjfEdEQkoaDrKurT7eVDV0m7VrWvqvWHeqlxm5dQQKfoHJWRja5RA92jJmohil7QG/pEX0ZmvBrvxsc8umbkf07QAozvPzrjkwk=</latexit>

�(1)(k2, ⌧)

<latexit sha1_base64="A0bTHrn+iZsif1N6+VyDJ0LGLz0=">AAAB/3icbVDLSsNAFJ3UV62vqEs3g0VoQUsiRQU3BTcuK9gHNDVMppN26GQSZm6EErJw46+4EXGj4B/4C/6NaZtNqwcGDuec4d57vEhwDZb1YxRWVtfWN4qbpa3tnd09c/+grcNYUdaioQhV1yOaCS5ZCzgI1o0UI4EnWMcb30z9ziNTmofyHiYR6wdkKLnPKYFMck3sDJgA8pBU7GpaSRzPx+PUTeSZnZ46QOKqa5atmjUD/kvsnJRRjqZrfjuDkMYBk0AF0bpnWxH0E6KAU8HSkhNrFhE6JkOWzPZP8UkmDbAfquxJwDN1IUcCrSeBlyUDAiO97E3F/7xeDP5VP+EyioFJOh/kxwJDiKdl4AFXjIKYZIRQxbMNMR0RRShklZWy0+3lQ/+S9nnNvqjV7+rlxnVeQhEdoWNUQTa6RA10i5qohSh6Rq/oA30aT8aL8Wa8z6MFI/9ziBZgfP0CTEmUww==</latexit>

�(1)(kn�1, ⌧)

<latexit sha1_base64="xS5usbU0kYL9JKuT5vMCX7+v2Rg=">AAAB/XicbVDLSsNAFJ34rPUVdSnIYBFakJJIUcFNwY3LCvYBTQ2T6aQdOpmEmRuhhODGX3Ej4kbBX/AX/BvTNpu2Hhg4nHOGe+/xIsE1WNavsbK6tr6xWdgqbu/s7u2bB4ctHcaKsiYNRag6HtFMcMmawEGwTqQYCTzB2t7oduK3n5jSPJQPMI5YLyADyX1OCWSSa544fSaAPCZlu5KWE8fz8Sh1E5meO0DiimuWrKo1BV4mdk5KKEfDNX+cfkjjgEmggmjdta0IeglRwKlgadGJNYsIHZEBS6bbp/gsk/rYD1X2JOCpOpcjgdbjwMuSAYGhXvQm4n9eNwb/updwGcXAJJ0N8mOBIcSTKnCfK0ZBjDNCqOLZhpgOiSIUssKK2en24qHLpHVRtS+rtftaqX6Tl1BAx+gUlZGNrlAd3aEGaiKKXtAb+kRfxrPxarwbH7PoipH/OUJzML7/AGOdlFE=</latexit>

�(1)(kn, ⌧) PT kernel F(n-1)

<latexit sha1_base64="i9XoJl0bb5UIXMr9A1MDBLyBF24="></latexit>

�(n�1)(k, ⌧)

<latexit sha1_base64="/cEXtJMhQ8dUlBhXQT9V+voaixg="></latexit>

⇥ k1 · k
k21



<latexit sha1_base64="MIV2RI9Jwpfeg/QW19PH1szkjFA=">AAAB+3icbVDLSsNAFJ3UV62vqEtdDBahBSmJFBXcFNy4rGAf0NQwmU7aoZMHMzdCCdn4K25E3Cj4D/6Cf+O0zaatBwYO55zh3nu8WHAFlvVrFNbWNza3itulnd29/QPz8KitokRS1qKRiGTXI4oJHrIWcBCsG0tGAk+wjje+m/qdZyYVj8JHmMSsH5BhyH1OCWjJNU+dARNAntJKWM0qqeP5eJy59oUDJKm6ZtmqWTPgVWLnpIxyNF3zxxlENAlYCFQQpXq2FUM/JRI4FSwrOYliMaFjMmTpbPcMn2tpgP1I6hcCnqkLORIoNQk8nQwIjNSyNxX/83oJ+Df9lIdxAiyk80F+IjBEeFoEHnDJKIiJJoRKrjfEdEQkoaDrKunT7eVDV0n7smZf1eoP9XLjNi+hiE7QGaogG12jBrpHTdRCFL2gN/SJvozMeDXejY95tGDkf47RAozvP5e/k0U=</latexit>

�(n)(k1, ⌧)

<latexit sha1_base64="T5ScLEWbSmpuDz2vQW0rbu+pwQE=">AAAB+3icbVDLSsNAFJ3UV62vqEtdDBahBSmJFBXcFNy4rGAf0NQwmU7aoZMHMzdCCdn4K25E3Cj4D/6Cf+O0zaatBwYO55zh3nu8WHAFlvVrFNbWNza3itulnd29/QPz8KitokRS1qKRiGTXI4oJHrIWcBCsG0tGAk+wjje+m/qdZyYVj8JHmMSsH5BhyH1OCWjJNU+dARNAntKKXc0qqeP5eJy59oUDJKm6ZtmqWTPgVWLnpIxyNF3zxxlENAlYCFQQpXq2FUM/JRI4FSwrOYliMaFjMmTpbPcMn2tpgP1I6hcCnqkLORIoNQk8nQwIjNSyNxX/83oJ+Df9lIdxAiyk80F+IjBEeFoEHnDJKIiJJoRKrjfEdEQkoaDrKunT7eVDV0n7smZf1eoP9XLjNi+hiE7QGaogG12jBrpHTdRCFL2gN/SJvozMeDXejY95tGDkf47RAozvPzljkwg=</latexit>

�(1)(k1, ⌧)

<latexit sha1_base64="qSd2KaJFiMNtY73uCbwAD2J+MTQ=">AAAB+3icbVDLSsNAFJ34rPUVdamLwSK0ICUpRQU3BTcuK9gHNDVMppN26OTBzI1QQjb+ihsRNwr+g7/g3zhts2nrgYHDOWe49x4vFlyBZf0aa+sbm1vbhZ3i7t7+waF5dNxWUSIpa9FIRLLrEcUED1kLOAjWjSUjgSdYxxvfTf3OM5OKR+EjTGLWD8gw5D6nBLTkmmfOgAkgT2nZrmTl1PF8PM7c2qUDJKm4ZsmqWjPgVWLnpIRyNF3zxxlENAlYCFQQpXq2FUM/JRI4FSwrOoliMaFjMmTpbPcMX2hpgP1I6hcCnqkLORIoNQk8nQwIjNSyNxX/83oJ+Df9lIdxAiyk80F+IjBEeFoEHnDJKIiJJoRKrjfEdEQkoaDrKurT7eVDV0m7VrWvqvWHeqlxm5dQQKfoHJWRja5RA92jJmohil7QG/pEX0ZmvBrvxsc8umbkf07QAozvPzrjkwk=</latexit>

�(1)(k2, ⌧)

<latexit sha1_base64="A0bTHrn+iZsif1N6+VyDJ0LGLz0=">AAAB/3icbVDLSsNAFJ3UV62vqEs3g0VoQUsiRQU3BTcuK9gHNDVMppN26GQSZm6EErJw46+4EXGj4B/4C/6NaZtNqwcGDuec4d57vEhwDZb1YxRWVtfWN4qbpa3tnd09c/+grcNYUdaioQhV1yOaCS5ZCzgI1o0UI4EnWMcb30z9ziNTmofyHiYR6wdkKLnPKYFMck3sDJgA8pBU7GpaSRzPx+PUTeSZnZ46QOKqa5atmjUD/kvsnJRRjqZrfjuDkMYBk0AF0bpnWxH0E6KAU8HSkhNrFhE6JkOWzPZP8UkmDbAfquxJwDN1IUcCrSeBlyUDAiO97E3F/7xeDP5VP+EyioFJOh/kxwJDiKdl4AFXjIKYZIRQxbMNMR0RRShklZWy0+3lQ/+S9nnNvqjV7+rlxnVeQhEdoWNUQTa6RA10i5qohSh6Rq/oA30aT8aL8Wa8z6MFI/9ziBZgfP0CTEmUww==</latexit>

�(1)(kn�1, ⌧)

<latexit sha1_base64="xS5usbU0kYL9JKuT5vMCX7+v2Rg=">AAAB/XicbVDLSsNAFJ34rPUVdSnIYBFakJJIUcFNwY3LCvYBTQ2T6aQdOpmEmRuhhODGX3Ej4kbBX/AX/BvTNpu2Hhg4nHOGe+/xIsE1WNavsbK6tr6xWdgqbu/s7u2bB4ctHcaKsiYNRag6HtFMcMmawEGwTqQYCTzB2t7oduK3n5jSPJQPMI5YLyADyX1OCWSSa544fSaAPCZlu5KWE8fz8Sh1E5meO0DiimuWrKo1BV4mdk5KKEfDNX+cfkjjgEmggmjdta0IeglRwKlgadGJNYsIHZEBS6bbp/gsk/rYD1X2JOCpOpcjgdbjwMuSAYGhXvQm4n9eNwb/updwGcXAJJ0N8mOBIcSTKnCfK0ZBjDNCqOLZhpgOiSIUssKK2en24qHLpHVRtS+rtftaqX6Tl1BAx+gUlZGNrlAd3aEGaiKKXtAb+kRfxrPxarwbH7PoipH/OUJzML7/AGOdlFE=</latexit>

�(1)(kn, ⌧)
PT kernel F(n)

x+ d(⌧)
<latexit sha1_base64="4UCa/YmyF7fPkcRaXxmHofNr26s=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GVqESqEkjajdFd24rGAf0IQymU7aoZMHMxOxhuJP+AFuXCji1v9w179x0iio6IHLPZxzL3PnuBGjQhrGTMstLC4tr+RXC2vrG5tb+vZOW4Qxx6SFQxbyrosEYTQgLUklI92IE+S7jHTc8Xnqd64JFzQMruQkIo6PhgH1KEZSSX19z3a95GZaSdtgCsu2RPFhXy8Z1XqKY5gRq66IcWQalgXNqjFHqVG0K/ezxqTZ19/tQYhjnwQSMyREzzQi6SSIS4oZmRbsWJAI4TEakp6iAfKJcJL59VN4oJQB9EKuKpBwrn7fSJAvxMR31aSP5Ej89lLxL68XS+/USWgQxZIEOHvIixmUIUyjgAPKCZZsogjCnKpbIR4hjrBUgRVUCF8/hf+Tdq1qWtXapUrjDGTIg31QBGVgghPQABegCVoAg1vwAJ7As3anPWov2ms2mtM+d3bBD2hvH4vnmEY=</latexit>
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Extended “Galilean” invariance constraints on the PT kernels

linear displacement:
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Extended “Galilean” invariance constraints at NLO

quadratic displacement:
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+ iterations + NNLO…
velocity kernelsoft sum limit
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Mass and momentum conservation (Peebles ’80)
the momentum of the nonlinear field, k, is ⌧ qi for all i’s. We consider a tracer that satisfies mass
and momentum conservation, such as for instance the dark matter density contrast.

Mass conservation imposes that,
Z

d3x �(x, ⌘) = 0 , (2.39)

while momentum conservation, namely that the center of mass of the dark matter distribution is
fixed, imposes that, Z

d3xxi �(x, ⌘) = 0 . (2.40)

Inserting (2.3) in these two conditions and imposing that they are true independently of the linear
initial linear fields give two independent constraints on the kernels,

lim
Qn,0!0

Fn(q1, · · ·qn; ⌘) = 0 ,

lim
Qn,0!0

@

@qi1
Fn(q1, · · ·qn; ⌘) = 0 , (2.41)

where the limit is taken by keeping all the individual qi’s non vanishing. The conditions above
ensure that the density contrast decouples as

�k(⌘) = O
�
k2/q2i

�
, (2.42)

when the external momentum is much smaller than the qi’s, i.e. k ⌧ qi, as implied by general
arguments on momentum conservation [55, 56, 46, 57].

The two conditions eq. (2.39) and (2.40) hold for the matter density contrast and velocity
divergence [46], so that eq. (2.41) apply to the matter and velocity kernels , i.e. Fn and Gn.
However, they do not hold for a generic tracer, such as the galaxy number density, which does not
satisfy a conservation equation and for which eqs. (2.41) do not apply. Therefore, in the following
we will denote as ‘matter kernels’ the ones satisfying the conditions in eq. (2.41). We turn now to
derive their explicit forms by imposing the symmetries discussed above.

3 Matter Kernels

3.1 Imposing the constraints

Here we will implement all the constraints discussed in Sec. 2, including the last one, and derive the
expressions of the matter kernels, i.e. for Fn and Gn. The details of these calculations are explicitly
given in App. C. We will use isotropy to write the kernels in terms of rotationally invariant objects
constructed from the external momenta. For n = 1 we have one invariant, i.e. q21 = k2. For n � 2
we need 3n � 3 of them and we can take them from the n(n + 1)/2 scalar products ql · qm. For
n = 2 these are q21, q

2
2, q1 · q2, and for n = 3 they are q21, q

2
2, q

2
3, q1 · q2, q1 · q3 and q2 · q3. We

will then construct, up to third order, the most general dimensionless functions built out of the
qi momenta satisfying the above conditions. We restrict to rational functions, which is consistent
with the perturbative nature of the present analysis, as expressed by eq. (2.3).

For n = 1, the kernel depends only on one momentum, q, but isotropy implies that the
dimensionless rotational invariant is just a numerical constant, implying

F1(q1; ⌘) = 1 . (3.1)
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F (n)(k1, · · · ,kn; ⌧) = 0
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k =
X

ki

Holds for Dark Matter, but not, in general,  
for biased tracers (more free coefficients)



Bootstrap at n=2
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(velocity is grad. potential at large scales): 



Bootstrap at n=2
rotational invariants with at most O(1/qi) poles 

(velocity is grad. potential at large scales): 

change basis:



Bootstrap at n=2
rotational invariants with at most O(1/qi) poles 

(velocity is grad. potential at large scales): 

change basis:
“Bose symmetry”



Bootstrap at n=2
rotational invariants with at most O(1/qi) poles 

(velocity is grad. potential at large scales): 

change basis:
“Bose symmetry”

most general kernel:



Bootstrap at n=2
rotational invariants with at most O(1/qi) poles 

(velocity is grad. potential at large scales): 

change basis:
“Bose symmetry”

most general kernel:

Extended Galileian Invariance:
<latexit sha1_base64="kQsCODVI6J/Bf5d8PhuFThn/FYk="></latexit>

a(2)2 (⌘) = 2 Mass conservation:
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a(2)0 (⌘) = 0
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Bootstrap at n=2

matter:

velocity:
cosmology dependent
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(Lifshitz simmetry)



Bootstrap at n=2

matter:

velocity:

biased tracer: 3 tracer-dependent parameters(no mass and momentum  
conservation) (b1, b2, bG2)

cosmology dependent
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Bootstrap at n=2

matter:

velocity:

Bootstrap at n=3
matter and velocity: 2 more cosmology-dependent parameters 

biased tracer: 4 more tracer-dependent parameters

biased tracer: 3 tracer-dependent parameters(no mass and momentum  
conservation) (b1, b2, bG2)

cosmology dependent
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Bootstrap at n=2

matter:

velocity:

Bootstrap at n=3
matter and velocity: 2 more cosmology-dependent parameters 

biased tracer: 4 more tracer-dependent parameters

Can we constrain the cosmology-dependent parameters?

biased tracer: 3 tracer-dependent parameters(no mass and momentum  
conservation) (b1, b2, bG2)

cosmology dependent
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Today: BOSS data

Preliminary : G. Biselli, M. Marinucci, T. Nishimichi, M. Peron, MP

“low-z” z=0.32 “CMASS” z=0.57



P+B, Euclid-like volume, z=1 
 (kPmax=0.25 h/Mpc kBmax=0.1 h/Mpc) 

Future tests of 𝝠CDM at the linear(f) + nonlinear (d𝛾) levels   

courtesy of M. Marinucci

<latexit sha1_base64="fiosVYtKX8AptyOrEiZREbfNxi4="></latexit>

✏f =
f

f⇤CDM
� 1

✏d� =
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�
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Free-Power!
•Marginalize over linear P(k) 
•Bootstrap PT kernels 
•EFToLSS + cosmo-dep params 
•wedges 

analogous to but tracer-independent!<latexit sha1_base64="IorbQIJLYCxSv/dtqmiM9tx8rf4="></latexit>

bG2

L. Amendola, M. Marinucci, MP, M. Quartin, 2205.00569, 2307.02117  (see also Shape-Fit, Gil Marin, Verde…)

O(5-10%) constraints on H(z)/H0 
O(10%) constraints on f 
O(50%) constraints on d𝜸



Can we do better than P+B?
<latexit sha1_base64="fSIXdGafpGvT3nfvYaVfbeMCrNQ="></latexit>

P (k) = h�(k)�(�k)i
<latexit sha1_base64="EOofqzBPdZda+/mG25+68aS3Kzo="></latexit>

B(k1, k2, k3) = h�(k1)�(k2)�(k3)i



Can we do better than P+B?

Is there more information in the LSS than can be 
 extracted reliably?
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P (k) = h�(k)�(�k)i
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From field correlators to the field itself

Taruya, Nishimichi, Jeong,  2109.06734

F. Schmidt++ 1808.02002, 2004.06702,  
                      2403.03220… 
G. Cabass++ 2307.04706 
A.Obuljen++ 2207.12398 
N. Kokron++ 2112.00012



LSS on the lattice

box:            L=1000 Mpc/h,  Λuv = 2𝜋Ngrid/[L(N+1)]
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LSS on the lattice

box:            L=1000 Mpc/h,  Λuv = 2𝜋Ngrid/[L(N+1)]

PT computations with GridSPT: A.Taruya, T. Nishimichi, D. Jeong
1807.04215, 2007,05504, 2109.06734…

model:
UV correction

PT expansion

likelihood:



Model: truncated field in the theory with the cutoff: = + k k<𝛬 k>𝛬
+ + 

a𝛾,𝛬

+ c2s,𝛬 k2/k2nl  x

Running of the bootstrap parameters



= + + + 

+ higher PT + non-perturbative  

Data: field of the full theory in the continuum (data/nBody, no cutoff):

a𝛾

Model: truncated field in the theory with the cutoff: = + k k<𝛬 k>𝛬
+ + 

a𝛾,𝛬

+ c2s,𝛬 k2/k2nl  x

Running of the bootstrap parameters



=

Data: field of the full theory in the continuum (data/nBody, no cutoff):

Model: truncated field in the theory with the cutoff: = + k k<𝛬 k>𝛬
+ + 

+ higher PT
O(k2/𝛬2) a𝛾 +O(k2/𝛬2)  

+ c2s,𝛬 k2/k2nl  x

+ + 

+ + O(k2/𝛬2) x

+ “finite” + “stochastic”
=𝛿a𝛾,𝛬

k<knl <𝛬 

+ 

O( k2/k2nl)

a𝛾,𝛬

a𝛾



Running is calculable

O(k2/𝛬2) a𝛾 +O(k2/𝛬2)  =𝛿a𝛾,𝛬

Finite contribution expected
𝛿a𝛾,fin= O(k2/k2nl)

Evades non-renormalization th. of galileon operators 
Asassi, Baumann, Green, Zaldarriaga, 2014



Running of the Wilson coefficients



N=5

Ng=(1022)3 Ng=(210)3

N=3

Ng=(682)3 Ng=(140)3

From Λ-dependent parameters…



N=5

Ng=(1022)3 Ng=(210)3

N=3

Ng=(682)3 Ng=(140)3

… to renormalized ones



Summary

• The LSS is a source of information on physics beyond 𝝠CDM 

• Model-independent nonlinearities beyond 𝝠CDM: LSS bootstrap 

• From O(10%) to O(1 %): beyond field correlators (P and B) 
• Field-level approaches: treat renormalization properly 
• Towards real data: redshift space, bias (lagrangian vs eulerian), 
observational systematics… 



Antonio’s Magic Powers



Antonio’s Magic Powers

THANK YOU ANTONIO !!!



Bootstrap at field level

2nd order

D. Jeong, T. Nishimichi, M. Peron, MP, A. Taruya, preliminary



New summary statistics

Wavelets:
Valogiannis, Dvorkin, ’22  
Eickenberg et al, ‘22 
Blancard et al, ‘23 
Peron, Jung, Liguori, MP ‘24

Marked PS:
White, ’16 
Massara et al, ’21 
Marinucci et al, ‘24 

2403.17657 

KNN:

Skew spectra:

Coulton, Banerjee, Abel, ‘22

Schmittfull, Dizgah, ‘20



to combine constraints from CMB+LSS: assume a time-dependence

different time-dependence corresponds to different models!
Taule, Marinucci, Biselli, MP, Vernizzi, 2409.08971



Extension beyond 𝝠CDM: the case of nDGP

rc : cross-over scale between 4d and 5d cosmology  

DE component fine-tuned to have 𝝠CDM background evolution 

modified Poisson equation

continuity and Euler equations

𝞵, 𝞵2, 𝞵22, 𝞵3  

controlled by rc  
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Since the k-binning of the challenge spectra is very
wide (�k = 0.01 hMpc�1) compared to the fundamen-
tal mode of the box, the theoretical predictions had to be
properly averaged over each bin. The boundaries of the
bins were estimated using the simulation volume, known
to both teams. The East Coast Team checked that the
estimated boundaries allow one to accurately reproduce
the provided weighted means of the k-bins and found
that averaging the theory over the bin versus evaluat-
ing it in the mean can induce roughly O(0.5)� shifts in
cosmological parameters.

2. West Coast Team

The implementation of the West Coast Team is the
result of a long journey where each of ingredients of the
EFTofLSS that is necessary to apply it to data was one-
by-one subsequently developed, tested on simulations,
shown to be successful. Though not all those results are
directly used in the analysis, the West Coast Team, and
probably nobody, would simply have never applied the
model to the data without those intermediate successes.
We therefore find it nice to add, in each instance where
the EFTofLSS is applied to data, the following footnote
where we acknowledge at least a fraction of those impor-
tant developments4.

The model for the West Coast Team and the analysis
techniques are the same as the one used in [28, 30], to
which we refer for details. The one-loop redshift-space

4 The initial formulation of the EFTofLSS was performed in Eu-
lerian space in [63, 64], and then extended to Lagrangian space
in [69]. The dark matter power spectrum has been computed
at one-, two- and three-loop orders in [18, 64, 83–91]. Some ad-
ditional theoretical developments of the EFTofLSS that accom-
panied these calculations were a careful understanding of renor-
malization [64, 92, 93] (including rather-subtle aspects such as
lattice-running [64] and a better understanding of the velocity
field [83, 94]), of the several ways for extracting the value of the
counterterms from simulations [64, 95], and of the non-locality in
time of the EFTofLSS [19, 83, 85]. These theoretical explorations
also include an instructive study in 1+1 dimensions [95]. In or-
der to correctly describe the Baryon Acoustic Oscillation (BAO)
peak, an IR-resummation of the long displacement fields had
to be performed. This has led to the so-called IR-Resummed
EFTofLSS [18, 65–68]. A method to account for baryonic ef-
fects was presented in [21]. The dark-matter bispectrum has
been computed at one-loop in [96, 97], the one-loop trispectrum
in [98], and the displacement field in [99]. The lensing power
spectrum has been computed at two loops in [100]. Biased trac-
ers, such as halos and galaxies, have been studied in the context
of the EFTofLSS in [19, 72, 73, 101–103] (see also [14]), the halo
and matter power spectra and bispectra (including all cross cor-
relations) in [19, 101]. Redshift space distortions have been de-
veloped in [20, 22, 73]. Clustering dark energy has been included
in the formalism in [90, 104–106], primordial non-Gaussianities
in [22, 101, 107–110], and neutrinos in [111, 112]. Faster evalu-
ation schemes for evaluation for some of the loop integrals have
been developed in [77].

galaxy power spectrum reads:

Pg(k, µ) = Z1(µ)
2
P11(k)

+ 2

Z
d
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q

(2⇡)3
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◆
. (20)

k
�1
m controls the bias derivative expansion and we set it

to be ' k
�1
nl , which is the scale controlling the expansion

of the dark matter derivative expansion. We set knl =
0.7hMpc�1. n̄g is the mean galaxy density.
In the next to the last line of Eq. (20), the term in

cct represents a linear combination of a higher deriva-
tive bias [19] that appears in Eq. (12) and the speed of

sound of dark matter [63, 64]: �(~k, t) � k
2
�lin(~k, t). The

terms in cr,1 and cr,2 represent the redshift-space coun-

terterms [20]: �redshift(~k, t) � k
2
µ
2
�(k, t), k

2
µ
4
�(k, t). In

the last line of Eq. (20), we have the stochastic coun-
terterms: c✏,1 and c✏,2 originate from Taylor expansion
of Eq. (12) [19], while c✏,3 originates from the redshift-
space expressions [20].
The redshift-space galaxy density kernels Z1, Z2 and

Z3 are given in Appendix A. These kernels depend on
the bias coe�cients that we define as explained below
Eq. (12). By choosing only the linearly-independent ones,
this gives rise to the so-called base of descendants. While
up to cubic order this base is equivalent to more standard
bases, already at quartic perturbative order new terms
appear.

The IR-resummation is performed in a numerically ef-
ficient way using the original method for configuration
and redshift space developed in [18, 66, 67], where all the
errors are parametrically controlled by the perturbative
order of the calculation (i.e. no uncontrolled approxima-
tions are present) 5.

We define the following combination of parameters:
c2 = (b2 + b4)/

p
2, c4 = (b2 � b4)/

p
2, c✏,mono =

c✏,2 + fc✏,3/3 and c✏,quad = 2fc✏,3/3. As we analyze
only the monopole and the quadrupole, we set cr,2 = 0

5 Especially within the observational community, a non-linear
treatment of the BAO based on the decomposition of the wiggle
and smooth part of the power spectrum has been popular for a
long time (see for example [113]). However, this Team does not
find this decomposition to be under parametric control (i.e. there
is no small parameter controlling its correctness). It is possible
to go from the original IR-Resummation to the simplified ones
based on the decomposition by performing a series of approxi-
mations (see Appendix of [67]). Of course, this does not mean
that the errors which are introduced are large or significant, as
can be a-posteriori checked on numerical simulations.
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