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¥We are now ready to analyze the data.

¥10 `EFT parametersÕ+ 6 cosmological parameters for 

¥10 `EFT parametersÕ is analytic

¥cosmological parameters is not. 

¥A grid for `3Õ cosmological parameters and Þx the other 3

¥Approximate the dependence on all of them by a Taylor expansion

¥Direct evaluation

¥Run an MCMC, giving ample physically-motivated priors to the coefÞcients. 

¥We need to know our            : comparing our results with simulations, using all the 

simulations that SDSS uses.

¥on sims, 3 bias coefÞcients seem not to play a role: dropped for the moment 

Analysis of the BOSS/SDSS data
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¥Dependence on the bias coefÞcients is quasi-linear: lots of tricks to do:

¥For 5 biases, Linear dependence:

¥Since we do not care of their numerical value, we can exactly marginalize over them: 

¥Obtain a likelihood function only with 3 EFT-parameters

Exact Marginalization
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¥Contrary to former astro-inspired models, the EFTofLSS is arbitrary accurate at low      , 

but when it fails, it fails big time.

¥This creates difÞculties in applying the survey window-function. It is also waste of time

¥Normally

¥Since we have difÞculties in doing FFTlog due to bad UV-behavior of EFT, we do 

directly in Fourier space:

¥computationally doable: one FFTlog for each

¥Substitute in Likelihood and deÞne the new masked Covariance (once forever):

¥So, we can evaluate the full model at each MCMC step. 
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¥The Effect of Fiber Collisions can be, essentially exactly, included on the model power 

spectrum by adding a suitable a                                      and the addition of some 

stochastic biases.

¥We implement the procedure of

¥Ultimately, the shift is about 2% on 

Fiber Collisions Hahn, Scoccimarro et al 2016
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Figure 5: Residuals between the monopole (dotted, blue) and quadrupole (dotted, green) power

spectra and the ones reconstructed using the NN&shot-noise method, measured by the mean of 30

BOSS-like Patchy mocks, together with the error bars of one box. The dashed lines represents the

correction given by the ‘E↵ective Window Method’ of [65] with ktrust = 0.25h Mpc! 1. In the figure

we use the nuisance parameters of [65] equal to ! 43 for the monopole shot-noise and ! 9 for the

quadrupole k
2 stochastic term (Notice that these values are much smaller than the natural ones

we have for the stochastic EFT-parameters). We see that the signal is reconstructed with extreme

accuracy, allowing us to neglect any residual systematic error from fiber collision e↵ects.

we have fully accounted for the e ! ect of Þber collisions. As an extra precautionary
note, we analyze our data also using the NN&shot-noise method, Þnding that
the mildly inaccurate implementation shifts our As parameter by less than 1/ 6

of a �, and unmeasurably so the other parameters. Given that the E ! ective
Window Method is much more accurate than the NN&Shot-noise method, we
therefore conclude that Þber collisions present no residual non-negligible source
of systematic error.

3.4 EFT-parameter marginalization

The prediction P (EFT)
! depends on several counterterms and galaxy bias parameters (EFT

parameters). Their measurement is interesting, as they contain information about galaxy

formation: it is the way di! erent galaxy formation mechanisms a! ect large scales. However

if somebody is only interested in the cosmological parameters, as we are in this paper, one

will eventually marginalize over them.

In this paper we take two approaches. We will explore the Likelihood in eq. (24), which

depends on 10 EFT parameters and the cosmological parameters, by sampling with MCMC’s,

and then marginalize over them. We will use this as a consistency check of a more e" cient

approach, which is the following. If we are ultimately interested in marginalizing over the bias

parameters, it means that we are interested in the Likelihood of the cosmological parameters,
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Figure 7: Marginalized posterior distributions of the cosmological parameters obtained from Þt-
ting the power spectrum of the four Challenge boxes ABFG and their average (top) and for box
D (bottom), without ( left), and with ( right) the inclusion of Planck sound horizon prior. For each
cosmological parameter, the expectation value is given together with the statistical error and the
theory-systematic error (from top to bottom in each subplot). The vertical lines represent the Þducial
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Figure 7: Marginalized posterior distributions of the cosmological parameters obtained from Þtting
the power spectrum of the four Challenge boxes ABFG and their average (top) and for box D (bottom),
without ( left), and with ( right) the inclusion of Planck sound horizon prior. For each cosmological
parameter, the expectation value is given together with the statistical error and the theory-systematic
error (from top to bottom in each subplot). The vertical lines represent the Þducial cosmology of the
simulation.
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Figure 9: 2D posterior distributions of the cosmological parameters ln(1010
As), ! m , and h, and the

EFT parameters b1 and c2, obtained from fitting the power spectrum up to kmax = 0 .2h Mpc! 1 of
the challenge boxes ABFG (left). On the right, we plot the same quantities for box D, as a function
of kmax (right ). We can see that we can measure all the cosmological parameters as well as the EFT
parameters. All degeneracies are broken, though some to a different extent than others. We see that
the four HOD models on the left differ mainly for their value of b1. The results for the cosmological
parameters, which should be equal for all of them, appear to be remarkably consistent.

makes it clear that, in the absence of numerical systematic error, the inferred cosmological
parameters obtained from the four HOD models should not only be equal to the true ones,
but also the same for each model. By looking at Fig.9, we notice that indeed all HOD models
of the challenge boxes give very similar results for all the cosmological parameters. All the
EFT-parameters that have not been already integrated out have almost identical values apart
from the linear bias b1, which seems to be the one over which the di! erences in the HOD
models accumulate. It is therefore not a complete surprise that the model with the smallest
systematic error is the Challenge box G, which has the smallestb1, and so the neglected loops
are the smallest.

4.3 Physical considerations

We have seen above that we can measure the three cosmological parametersAs, ! m , and h,
without any signiÞcant theory-systematic error. As we will see, this measurement can be
done also on the SDSS/BOSS data. Given that the o" cial analysis of the SDSS/BOSS data
do not provide independent measurements of all of these quantities without the addition of
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Figure 6: Size of various contributions to the monopole and quadrupole of the one-loop power
spectrum of eq. (5) evaluated at the best Þt cosmology atkmax = 0 .23h Mpc! 1 for the challenge
boxes (top) and for the Patchy mocks (bottom). Dashed stays for negative value. We also plot, in
dotted, the size of the statistical error bars.

This allows us to very roughly estimate the theoretical error which corresponds to the size of
the next-to-leading contribution, namely, the two-loop. The size of theL-loop P(L )(k) can
be roughly estimated asP(L )(k) ! ! L P11(k), where P11 is the linear power spectrum and
! is a small number representing the size of the loop contribution. It follows that around
k ! 0.23h Mpc! 1, the theoretical error is about 1% of the power spectrum for the monopole,
which is of the same order as the measurement statistical error, and a similar conclusion
holds, approximately, for the quadrupole, where the statistical error is larger. This suggests,
if not completely justiÞes, that we can use the EFTofLSS at one-loop order up tokmax in the
range 0.20h Mpc! 1 to 0.25h Mpc! 1 for surveys with volume similar to the BOSS CMASS one.
We will discuss further thek-range accessible by the theory at this order in the following,
when concluding our systematic analysis.

Second, representative contributions are also plotted in Fig.6. We Þrst observe that
keeping only one galaxy biasbi to its best-Þt value (! O(2)) while setting all other EFT
parameters to zero gives the typical size of the contributions entering in the one-loop con-
tribution. We notice that there are some cancellation at play in loops in the monopole, but
they are not extremely large. Additionally, in the quadrupole, thek2 stochastic term seems
to be the larger contribution.

25
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¥Theoretical Consistency
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Challenge Boxes

Figure 9: Best-Þt power spectrum on measurements from challenge boxA (left) and patchy Box 5
(right) at kmax = 0 .25h Mpc! 1 and residuals. The error bars represent the diagonal terms of the
covariance.

the best-Þt results from the Þt of the power spectrum up tokmax = 0.25h Mpc! 1 and together
with the bispectrum up to kmax = 0.1h Mpc! 1, from both the simulations and the CMASS
sample 16. All min ! 2 per degrees of freedom (min! 2/ d.o.f.) gives quite a goodp-value,
attesting for the goodness of the Þt. The values of the EFT parameters are all of order of
the linear bias b1 (! O(2)), all lying well within the chosen priors for this analysis (± 20),
with the only exception ofcr, 1, which is order 10. For the stochastic coe! cients, we ran with
tighter priors (± 2), and found them to be smaller than the other biases by one or two orders
of magnitude, as expected from the subtraction of the shot-noise from the data.[MCMC
for covariance is running.]

The relative statistical error on the cosmological parameters on BOSS-like Patchy mocks
is about 16%, 7% and 6% forAs, " m and h respectively atkmax = 0.3h Mpc! 1. The inclusion
of the bispectrum monopole reduces the error bars by another 15%. Upon inclusion of the
PlanckÕs prior on the sound horizon, the error bars are decreased by about 40%, 20% and 60%
for As, " m and h respectively. No signiÞcant theory-systematics is detected.

We also observe how the statistical error decreases withkmax . Ideally, the errors should
decrease ask! 3/ 2

max , but this is a#ected by the fact that some parameters are dominated by
the information in the BAO peak, which is already well measured at lowkmax, as well as by
the fact that there are degeneracies with some cosmological parameters. We take the power-
spectrum-only analysis for deÞniteness. ForAs, we Þnd that the error decreases roughly
as k! 1.1

max , for " m as k! 0.25
max , and for h as k! 0.8

max [[[check number]]] .
It is worth to Þnally notice that the EFTofLSS at one-loop order is able to Þt accurately,

without introducing sizeable systematic error, the power spectrum measured from the rescaled

16We remind the reader that, for the challenge boxes, we quote the results from the Þt of measurements
from a quarter of a box.
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Best Þts

ln(10 10 A s ) ! m h b1 min ! 2 / d.o.f. p-value

Challenge A 3.18 0.317 0.668 1.94 50/(38-9) 0.007

Challenge B 3.24 0.312 0.671 1.96 50/(38-9) 0.008

Challenge F 3.17 0.314 0.671 2.09 54/(38-9) 0.003

Challenge G 3.17 0.312 0.673 1.80 48/(38-9) 0.014

Challenge D 3.19 0.290 0.708 1.83 51/(38-9) 0.006

Patchy NGC box 1 3.12 0.304 0.698 1.82 68/(68-10) 0.18

data CMASS NGC 2.70 0.311 0.725 2.22 65/(68-10) 0.27

data CMASS SGC 2.98 0.306 0.670 2.06 60/(68-10) 0.41

data LOWZ NGC 3.24 0.312 0.638 1.73 69/(76-10) 0.40

data CMASS NGC with bisp. 2.73 0.303 0.686 2.31 103/(68+34-11) 0.18

c2/ c4 b3 cct cr, 1 (+ cr, 2 ) c! ,1 / øng c! ,quad

Challenge A 1.0 -1.6 -0.7 -6.9 - -4.1

Challenge B 1.1 -2.0 -1.1 -8.6 - -3.9

Challenge F 1.1 -2.3 -2.2 -7.0 - -4.2

Challenge G 0.9 -1.8 1.1 -6.7 - -3.3

Challenge D 1.0 -1.5 -0.8 -7.3 - -3.6

Patchy NGC box 1 1.0 -1.2 0.2 -9.9 0 -1.5

data CMASS NGC 1.2 0.1 0.4 -7.7 0 -3.7

data CMASS SGC 1.2 -0.6 -0.1 -9.0 0 -1.1

data LOWZ NGC 1.0 -1.0 0.2 -10.3 0 -2.1

data CMASS NGC with bisp. 1.8/-0.5 0.2 -2.0 -9.5 0 -1.1

Table 3: Best-Þt values and goodness of Þt of the power spectrum up tokmax = 0 .2h Mpc! 1, with
km = 0 .7h Mpc! 1 and øng = { 4.5, 4.0} á 10! 4h Mpc! 1, respectively. The values oføng for Challenge
boxes is given in footnote11. For b1 of challenge A, the true value ofb1 is 2.04. For the observational
data, the bins belowk ! 0.07 are correlated, therefore the value of the! 2/ d.o.f should be taken with
care. Performing a similar calculation for the data with the minimum wavenumberk = 0 .05h Mpc! 1

still gives good values of the Þt. Regarding thep-value of the Challenge boxes, we remind that they
have error bars roughly a factor of four smaller than the data we analyze in the observational data.
Fitting without imposing priors results into a p-value of ! 0.03 both for Challenge A and D, while
the EFT-parameters best-Þt values are still of physical size. As we do not Þt the hexadecapole in
this analysis, we setcr, 2 = 0 . Thus, its contribution (mainly in the quadrupole) is absorbed by cr, 1,
which takes overall higher values about two times its natural size.
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¥Best Þt model:

¥Data Consistency

¥decent p-value 

¥nothing major
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Figure 13: Best-fit power spectrum on measurements on (from top to bottom and left to right):
Challenge box A, Challenge box D and Patchy box 1; Challenge box B, F, G; and residuals. The
error bars represent the diagonal terms of the covariance. The ! 2

/d.o.f is respectively 1.72, 1.75 and
1.17 for the top row, and 1.72, 1.86, and 1.65 for the bottom row. We remind the reader that the
error bars of Challenge are about a factor of four smaller than the ones of Patchy or the observational
data we analyze.
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¥Dynamics

¥approximate gravity solver

¥Observational effects

¥window function

¥redshift selection 

¥Þber collisions

¥Negligible systematic error

Patchy Boxes

of the order of the statistical error. So, an implementation which is accurate just to about 10%
is enough to make any error negligible. However, to check the accuracy of the treatments of
these survey systematics in our pipeline to an even higher level of safety, we analyze 16 Patchy
lightcone NGC boxes. The total volume is roughly equivalent to the one of one Challenge box,
which allows us to measure survey-systematic errors to the same precision as we measured
the theory-systematic errors using the Challenge boxes, though one should keep in mind that
the level of accuracy of the mocks is less than the one of an N-body simulation. We Þt the 16
boxes separately and do the product of the individual 1D marginalized posteriors. Even if this
procedure is not fundamentally correct, as the correct procedure would be to multiply the full
likelihoods, it is rather conservative and good enough to measure the theoretical systematic
error. Another reason to Þt the Patchy boxes individually is to measure the response of the
EFT to our choice of priors on the EFT parameters for one volume equivalent to the one of
the data. Indeed, for a volume as large as the one of Challenge box, all EFT parameters are
well determined. However, when we turn to a volume like the one of Patchy or data, we might
encounter unbroken degeneracies that can potentially drive the Þt to an unphysical region.
Therefore, it is important to test if our choice of priors, which follows solely from theoretical
considerations, is enough to keep the Þt in the physical region.

Figure 8: Marginalized posterior distributions of the cosmological parameters obtained from Þtting
the power spectrum of 16 Patchy lightcone NGC boxes, without (left), and with ( right) the inclusion
of Planck sound horizon prior. For each cosmological parameter, we quote the expectation value
together with the statistical error and the theory-systematic error of the product of the individual 1D
posteriors (from top to bottom in each subplot). The vertical lines represent the Þducial cosmology
of the simulation.
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¥BAO-scale (sound horizon) and relative amplitude 

¥Linear monopole and quadrupole

¥So, this allows us to solve for all the four variables:

¥In particular

¥Additional information comes further from hexadecapole,                                                    

non-linear terms and overall shape, which depends on 
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Challenge boxes becomes about �stat/3, and for h about �stat/8. These represent magnitudes

that can be marginally detected. One should now keep in mind that we ultimately wish to

ensure that the systematic error is small compared to the statistical error of the data, not of

the Challenge boxes. The statistical error for Challenge boxes is significantly smaller than

the one in Patchy, which will turn out to be comparable to the one of the data, by almost a

factor of 2. This reflects that the covariance matrices are about a factor of 4 di↵erent, in turns

associated with the factor of 4 in di↵erence between the nominal and the e↵ective volume of

the Patchy mocks. This suggests that even for the most extreme case that we consider here,

kmax = 0.3h Mpc! 1, the theory-systematic error should to be negligibly small. Indeed, for

the Patchy boxes, we find very marginal (i.e. �syst ! 0.1�stat) theory systematic error even

for kmax = 0.3h Mpc! 1.
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Figure 4: 2D posterior distributions of the cosmological parameters ln(1010As), ! m , and h, and the
counterterms b1, b2 and b4, obtained from Þtting the power spectrum up to kmax = 0 .25h Mpc! 1 of
the challenge boxes (left ) and the patchy lightcones NGC (right ). We can see that we can measure
all the cosmological parameters as well as the bias coe" cients. All degeneracies are broken, though
some to a di#erent extent than others. We see that the four HOD models on the left di#er mainly
for their value of b1. The results for the cosmological parameters, which should be equal for all of
them, appear remarkably consistent.

Before moving on, we would like to make the following comment about the theory-

systematic error as extracted from simulations. One can take the point of view that the

simulations and the HOD modeling are exact, i.e. they represent the exact distribution of a

population of galaxies generated according to some physical mechanism. Any deviation from

the exact representation of the physical model (for example if the trajectory of the particles

had a numerical error) would induce a numerical-systematics, that we here assume here to be
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Figure 8: 2D posterior distributions of the cosmological parameters ln(1010
As), ⌦m, and h, and the

EFT parameters b1 and c2, obtained from fitting the power spectrum up to kmax = 0.23h Mpc�1 of

the challenge boxes ABFG (left). On the right, we plot the same quantities for box D, as a function

of kmax (right). We can see that we can measure all the cosmological parameters as well as the

EFT parameters. All degeneracies are broken, though some to a di↵erent extent than others. We

see that the four HOD models on the left di↵er mainly for their value of b1. The results for the

cosmological parameters, which should be equal for all of them, appear to be remarkably consistent.

the EFTofLSS point of view, it is absolutely not important that the HOD model correctly

represents a population of galaxies that actually exists in the universe. In fact, as long as the

galaxy-formation physics is modeled by the HOD with a process that satisfies the principle

of general relativity, i.e. it is controlled by locally observable quantities, then the EFTofLSS

is expected be able to describe the distribution of this population with arbitrary accuracy. Of

course, for a given model, the non-linearities induced by the higher order biases can be larger

than in another models. In this case, to reach a given accuracy, one might need to include

higher-order terms in the EFTofLSS. For example, in [46, 47], higher-order derivative terms

were included in order to reproduce to a given accuracy the distribution of highly-biased trac-

ers. This discussion makes it clear that, in the absence of numerical-systematics, the inferred

cosmological parameters obtained from the four HOD models should not only be equal to the

true ones, but also the same for each model. By looking at Fig. 8, we notice that indeed all

HOD models of the challenge boxes give very similar results for all the cosmological parame-

ters. All the EFT-parameters that have not been already integrated out have almost identical

values apart from the linear bias b1, which seems to be the one over which the di! erences

in the HOD models accumulate. It is therefore not a complete surprise that the model with

the smallest systematic error is the Challenge box G, which has the smallest b1, and so the
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