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We provide a perturbative effective field theory (EFT) description for anisotropic (redshift-space)

correlations between the Lyman alpha forest and a generic biased tracer of matter, which could

be represented by quasars, high-redshift galaxies, or dark matter halos. We compute one-loop

EFT power spectrum predictions for the combined analysis of the Lyman alpha and biased tracers’

data and test them on the publicly available high fidelity Sherwood simulations. We use massive

and light dark matter halos at redshift z = 2.8 as proxies for quasars and high-redshift galaxies,

respectively. In both cases, we demonstrate that our EFT model can consistently describe the

complete data vector consisting of the Lyman alpha forest auto spectrum, the halo auto spectrum,

and the Lyman alpha – halo cross spectrum. We show that the addition of cross – correlations

significantly sharpens constraints on EFT parameters of the Lyman alpha forest and halos. In the

combined analysis, our EFT model fits the simulated cross-spectra with a percent level accuracy

at kmax = 1 hMpc−1, which represents a significant improvement over previous analytical models.

Thus, our work provides precision theoretical tools for full-shape analyses of Lyman alpha – quasar

cross – correlations with ongoing and upcoming spectroscopic surveys.

I. INTRODUCTION

The Lyman alpha (Lyα) forest is a collection of absorp-

tion lines in the spectra of distant quasars produced by

neutral hydrogen clouds in the intergalactic medium at

redshifts 2 ≲ z ≲ 5. Fluctuations in the flux transmitted

through these clouds correlate with matter distribution

on cosmological scales. The forest thus provides unique

information about the large-scale structure of the Uni-

verse at high redshift, which has been extensively used to

constrain the physics of neutrinos, dark matter, and dark

energy [1–18]. In particular, the Lyα forest has been used

for precision measurements of Baryon Acoustic Oscilla-

tions (BAO), periodic fluctuations in the matter density

imprinted in the early universe[19–23].

The cosmological information from the Lyα forest can

be significantly amplified by using correlations between

the forest and high redshift quasars [22–25]. This in-

cludes both the BAO and the broadband shape of the

Lyα forest correlations [26, 27], which have recently at-

tracted a significant attention as a powerful complimen-

tary probe. A theoretical challenge associated with this

probe is an accurate modeling of Lyα forest – quasar

cross-correlations, starting with the simplest two-point
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function and its Fourier transform, the power spec-

trum. While on the largest scales (wavenumbers k ≲

0.1 hMpc−1) the linear theory description of the Lyα for-

est – quasar power spectrum is adequate, it is expected to

fail for larger wavenumbers, which still carry significant

cosmological information. The non-linear Lyα forest –

quasar correlations are challenging to model with hydro-

dynamical simulations because they require both large

volumes and high resolution.

An inexpensive alternative to simulations is non-linear

cosmological perturbation theory. While limited to scales

k ≲ 1 hMpc−1 where non-linear corrections are small,

it provides a high level of accuracy and flexibility. The

framework of effective field theory (EFT) for large-scale

structure [28, 29] (see [30] for a recent review) provides a

systematic program of building consistent perturbation

theory based only on symmetries and dimensional analy-

sis. EFT has recently become a standard tool to analyze

the clustering of galaxies and quasars [31–36]. EFT for

the Lyα forest has been developed in [37], which was

based on the formalism of EFT for galaxies in the pres-

ence of selection effects [38]. Previous important pertur-

bation theory studies of the Lyα forest include [39–43].

The main goal of this publication is to develop an EFT

for the Lyα forest – quasar cross correlations. In EFT,

different biased tracers of matter are described within

the same effective bias expansion, such that the physi-
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cal differences between galaxies, quasars, and dark mat-

ter halos appear only in the values of bias parameters.

Therefore, the EFT description that we lay out here is

equally applicable for all these different tracers of matter.

We will test our description against simulated Lyα – halo

cross-correlations, in which we use light and massive ha-

los as proxies for quasars and galaxies, respectively. Our

work thus can be seen as an extension of ref. [43] that

first studied the non-linear corrections to the Lyα – halo

cross spectrum. Importantly, ref. [43] pointed out that

linear theory becomes inadequate already on relatively

large scales ∼ 0.3 hMpc−1, which motivates the develop-

ment of a systematic non-linear model which we provide

here.

Note that in contrast with usual biased tracers, EFT

for the Lyα forest requires a different type of the bias

expansion that accounts for the fact that the Lyα forest

fluctuations are only symmetric w.r.t. rotations around

the line of sight, as opposed to quasars or halos that enjoy

the full three-dimensional rotational symmetry.

In addition to presenting the theory, we develop a full

EFT-based pipeline for the combined analysis of the Lyα

forest and halo auto-power spectra, as well as the Lyα

– halo cross-correlation. In particular, we study the de-

pendence of our result on the choices of the covariance

matrices. Our pipeline can be readily applied to Lyα

forest-quasar data from DESI [44, 45].

Our work is structured as follows. We outline our

methodology and present the simulation data in Sec-

tion II. There we give the details of the Lyα–halo cross

spectrum calculated in effective field theory at the one-

loop order. Our main results are summarized in Sec-

tion III. Section IV draws conclusions and lists directions

for future exploration. In Appendix A we present the

results from the Lyα forest auto-power spectrum for var-

ious data cut choices. In Appendix B we introduce the

extension of the EFT model which allows one to enhance

the parameter constraints.

II. DATA AND METHODOLOGY

A. Data

We use the Sherwood suite of hydrodynamic simu-

lations [46]. These are large publicly available high-

resolution simulations of the intergalactic medium with

up to 17.2 billion particles. The fiducial cosmology of

these simulations is a flat ΛCDM model with Ωm =

0.308, Ωb = 0.0482, σ8 = 0.829, ns = 0.961, h = 0.678.

In this work, we present results from the largest sim-

ulation box L160 N2048, which has a box size of L =

160h−1Mpc and contains N = 20483 dark matter and

gas particles. The simulations assume a homogeneous

ionising background model, where the gas is in equilib-

rium and is optically thin [46]. Halo catalogs were gen-

erated with the friends of friends algorithm. In the main

text, we focus on the snapshot at the redshift z = 2.8

which was previously analyzed in detail in ref. [43].

For the halo power spectrum, we consider two differ-

ent samples: a catalog containing the most massive halos

with 11.5 < log10(M/(h−1M⊙)) < 14 and another cat-

alog that contains all available halos. The first catalog

is aimed to simulate the clustering properties of quasars,

which are typically hosted by dark matter halos heavier

than 1012M⊙ [43]. Quasars of this type have been mea-

sured by the eBOSS collaboration and serve as a primary

probe for DESI [34, 45]. The full halo catalog is domi-

nated by significantly lighter halos, which act as proxies

for high redshift galaxies that will be targeted by up-

coming spectroscopic surveys such as Spec-S5 and WST.

Indeed the Lyα emitters have b1 ≃ 1.5 at z ≈ 3 [47], very

similar to the linear bias of our full halo catalog. We de-

note the catalogs of the most massive halos and all halos

as H and LH, respectively. The halo number densities for

these two catalogs at z = 2.8 are:

Massive halos (H) : n̄−1
h = 188.61h−3Mpc3 ,

Light halos (LH) : n̄−1
h = 0.37h−3Mpc3 .

(1)

The catalog of the massive halos has a lower number

density, which results in a higher shot-noise value.

In this work, we utilize the 3D auto-power spectra of

Lyα forest and halos, along with the Lyα – halo cross-

power spectrum from [43]. The measurements are pre-

sented as a function of wavenumber k and the cosine of

the angle between the corresponding Fourier mode and

the line of sight µ. The k space is sampled by 20 log-

spaced bins in the range [kF , kNy], where kF = 2π/L =

0.039 is the fundamental mode of the box, and kNy is the

Nyquist frequency. The µ is sampled by 16 uniformly

spaced bins in the interval [0, 1].

B. Methodology

We perform a Markov Chain Monte-Carlo analysis to

sample from the posterior distribution of EFT parame-

ters to access the performance of the EFT model. We
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adopt a Gaussian likelihood defined as

− 2 lnLP = (P −Pdata)
t · [C]−1 · (P −Pdata) , (2)

where P and Pdata represent the multi-dimensional the-

ory and data vectors, respectively, and C is the data co-

variance matrix. In the most general setup, the theory

vector is composed of three different spectra,

P = (PF, PH, PX) , (3)

where the uppercase indices “F”, “H” and “X” corre-

spond to the Lyα power spectrum, halo power spectrum,

and the Lyα – halo cross spectrum, respectively. 1 These

spectra are evaluated at the grid points (ki,µi). We as-

sume a Gaussian covariance matrix, whose linear theory

expression is given by:

C =

CFF CFH CFX

CFH CHH CHX

CFX CHX CXX

 , (4)

where each block represents a diagonal matrix defined as

CFF
ii = 2N−1

i PF
i P

F
i

CFH
ii = 2N−1

i PX
i PX

i

CFX
ii = 2N−1

i PF
i P

X
i

CHH
ii = 2N−1

i PH
i PH

i

CHX
ii = 2N−1

i PH
i PX

i

CXX
ii = N−1

i [PX
i PX

i + PF
i P

H
i ]

(5)

In these expressions, Ni is a number of modes in the

(ki, µi) bin. This covariance structure introduces addi-

tional correlations between different spectra, which im-

pose additional constraints on the inferred statistics. To

assess the impact of these cross-correlations, we also per-

form an analysis with a diagonal covariance obtained by

neglecting the off-diagonal terms: Cab = 0 for a ̸= b

where a, b = {F,H,X}. This choice represents a more

conservative approach, providing more flexibility in mod-

eling the individual spectra. Additionally, it will allow us

to validate the results obtained using the non-diagonal

covariance, assessing its impact on the performance of

the EFT model.

The individual power spectra P a used in the covari-

ance can either be extracted from data or predicted using

1 The results of this section apply to both the massive halo and

all-halo catalogs, which, for simplicity, we will collectively refer

to as “H”.

a theoretical model. We found that the data measure-

ments on large scales are affected by sample noise, which

has a significant impact on the posterior distribution for

bias parameters. 2 To achieve accurate covariance pre-

dictions, we employ a hybrid approach that combines the

one-loop perturbation theory model with data measure-

ments. In practice, we apply the following algorithm.

1. We compute the theoretical spectra P a at the max-

imum point of the posterior in the range k <

kamax, fid, where kamax, fid denotes some fiducial con-

figuration. For both individual and combined 3-

spectra analyses, we use the values

(kFmax, fid, k
H
max, fid, k

X
max, fid) = (2, 0.8, 1)hMpc−1 .

2. We construct the covariance matrix based on (4)

and (5), using the one-loop theory predictions for

k < kamax, fid and data measurements for k >

kamax, fid.

3. Using this covariance matrix, we perform an

MCMC analysis with the fiducial data cuts.

This process is iterated until convergence, defined as a

change of less than 1% in the bias parameter constraints.

Upon achieving convergence, the covariance matrix cor-

responding to the fiducial data cuts is obtained. For ar-

bitrary data cuts, the covariance matrix is constructed

by combining the theoretical model for k < kamax, fid and

data measurements for k > kamax, fid. This approach en-

sures an accurate covariance prediction that remains ro-

bust on large scales while maintaining accuracy on small

scales.

A comment on the Gaussian approximation is in or-

der. While the Gaussian diagonal covariance provides a

reliable measure of the statistical error it may be inac-

curate on small scales, relevant for our analysis. Pre-

vious studies [48–50] showed that the Gaussian covari-

ance for the galaxy power spectrum is highly accurate

on mildly non-linear scales because the analysis is effec-

tively dominated by the theoretical error introduced by

marginalization over nuisance parameters [51–53]. While

we expect the same argument to hold for the EFT of the

Lyα forest, we note that, strictly speaking, it remains

an assumption whose validation on different covariance

2 This effect is more pronounced for the catalog of the most mas-

sive halos, whereas it is less important for the total halo catalog.
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matrices (e.g. analytic vs. empirical covariance based

on log-normal mocks) is left for future work. Therefore,

we proceed with the covariance choices available to us,

but caution that the interpretation of our results is con-

tingent on the assumptions made about the covariance

matrix.

Importantly, unlike [43] we do not introduce a noise

floor when modelling the covariance matrices. This al-

lows us to perform a more stringent test of the theoretical

model, which precisely aims at extracting the information

from large wavenumbers, which would be washed out by

the noise floor.

C. Theoretical model

The theory vector P is a one-loop EFT model that

includes all necessary ingredients relevant on mildly non-

linear scales. This is based on a perturbative expan-

sion involving the most general operators that respect

spacetime symmetries of the problem and the equiva-

lence principle. The EFT-based model for the Lyα forest

auto-power spectrum was formulated in [37] and later

applied to the eBOSS 1D flux power spectrum of [54]

in [55]. Here, we extend this approach by applying it to

all three spectra: PF, PH, and PX. Note that our cross-

correlation model has been recently applied to estimate

the shift of the BAO peak in the quasar-Lyα cross spectra

in [56]. We provide the details in this publication.

The general idea of our model is that the overdensity

of halos, δH, and fluctuations of the Lyα flux, δF, indi-

vidually can be perturbatively expanded over the linear

matter density field. Without loss of generality, the non-

linear density field δa with a = {F,H} can be expressed

at cubic order in the linear matter overdensity δ(1) as

δa(k) =

3∑
n=1

[ n∏
j=1

∫
d3kj

(2π)3
δ(1)(kj)

]
Kn(k1, ...,kn)

× (2π)3δ
(3)
D (k− k1 − ...− kj)

−
2∑

n=0

ca2nµ
2nk2δ(1)(k)

− c̃aK1(k)k
4f4µ4δ(1)(k) + εa(k) ,

(6)

where Kn represent the EFT kernels, cn are countert-

erms, c̃ is the higher-order counterterm needed to cap-

ture non-linear redshift space distortions of the collapsed

tracer [31, 53, 57], and εa(k) is the stochastic component

uncorrelated with the linear density. The bias expan-

sion is controlled by symmetries of the problem, so the

Kn functions are different for halos and Lyα forest. For

halos, the Kn are the standard redshift-space kernels,

commonly used in EFT, see e.g. [31]. The Lyα forest in-

troduce selection effects, leading to new line-of-sight de-

pendent operators, specified in ref. [37]. The auto-power

spectrum is defined as

⟨δa(k)δa(k′)⟩ = (2π)3P a
1-loop(k)δ

(3)
D (k+ k′) (7)

where a = {F,H}. For the cross spectrum, we write

⟨δF(k)δH(k′)⟩ = (2π)3PX
1-loop(k)δ

(3)
D (k+ k′) (8)

We will use the following definition for the auto-power

spectrum of the stochastic field Pstoch:

⟨ϵa(k)ϵa(k′)⟩ = (2π)3P a
stoch(k)δ

(3)
D (k+ k′) (9)

with a = {F,H}, and similarly for the cross-term

⟨ϵF(k)ϵH(k′)⟩, whose spectrum we denote PX
stoch.

The anisotropic power spectra are calculated using the

FFTLog approach embodied in the CLASS-PT code [58].

The details can be found in ref. [37, 59]. In our theory

models, we use an approximate description of the non-

linear damping of the BAO signal in the linear power

spectrum by means of the isotropic damping factor de-

rived in [60, 61]. Specifically, we apply the isotropic (real

space) one-loop IR resummed formula from [61]. While it

is straightforward to implement the full anisotropic sup-

pression derived in [62], this is not required for our work

given large statistical errors of the Sherwood data at the

BAO wavenumbers k ∼ 0.1 hMpc−1. In all expressions

given below the one-loop IR resummation is assumed by

default.

Below, we provide explicit expressions of the PF, PH,

and PX spectra individually. To avoid clutter, we will

omit the uppercase index “F” for the EFT parameters

and kernels associated with the Lyα forest auto-power

spectrum.

1. Lyα forest auto-power spectrum

We start with the Lyα forest auto-power spectrum. In

this case, the relevant operators are scalars under SO(2)

rotations around the line-of-sight. This implies a greater

flexibility in the EFT bias expansion compared to the

case of galaxies, leading to the new line-of-sight depen-

dent operators, originally derived in [38]. By performing

a direct calculation of eq. (7), we arrive at the one-loop
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power spectrum for Lyα forest,

PF
1-loop(k, µ) = K2

1 (k)Plin(k)

+ 2

∫
q

K2
2 (q,k− q)Plin(|k− q|)Plin(q)

+ 6K1(k)Plin(k)

∫
q

K3(k,−q,q)Plin(q)

− 2(c0 + c2µ
2 + c4µ

4)K1(k)k
2Plin(k) .

(10)

The linear EFT kernel is expressed as

K1 = b1 − bηfµ
2 (11)

where b1 is the selection-free linear bias and bη is the

new selection-dependent bias parameter. The K2 and K3

introduce new selection-dependent EFT operators which

are absent in the case of galaxies. Explicit expressions for

these non-linear operators are provided in ref. [37]. Next,

the k2Plin corrections accounts for the higher-derivative

contributions. The main role of these terms is to absorb

the UV dependence of the loop integrals. Although these

nominally contribute at the three-loop order and could

be ignored at the 1-loop level, the inclusion of these pa-

rameters noticeably improves the fit [37], so we opted

to retain ci. Finally, we neglect the stochastic contribu-

tions. The physical stochastic contributions are strongly

suppressed due to high column densities of the Lyα for-

est [63]. Note that in EFT non-zero stochasticity param-

eters are expected to be generated by the UV parts of

loop integrals, but their effect is of the order of two-loop

corrections at z ≈ 3, see [56] for a detailed discussion and

explicit tests.

The 1-loop EFT model for PF depends on 16 free

parameters: 2 linear biases, 11 non-linear biases and 3

higher-derivative operators. We impose the following pri-

ors on these parameters,

b1 ∈ [−2, 2] , bη ∈ [−2, 2] , b2 ∼ N (0, 22) ,

bG2 ∼ N (0, 22) , bΓ3 ∼ N (0, 12)

bη2 ∼ N (0, 22) , bδη ∼ N (0, 22) ,

b(KK)∥ ∼ N (0, 22) , b
Π

[2]

∥
∼ N (0, 22) ,

b
Π

[3]

∥
∼ N (0, 22) , b

δΠ
[2]

∥
∼ N (0, 22) ,

b(KΠ[2])∥
∼ N (0, 22) , b

ηΠ
[2]

∥
∼ N (0, 22) ,

c0,2,4
[h−1Mpc]2

∼ N (0, 12) ,

(12)

where N (µ, σ2) stands for a Gaussian distribution with

mean µ and r.m.s. σ. Our analysis differs from the pre-

vious work [37] in several aspects. First, we include the

cubic bias bΓ3
because it affects the parameter error bars

in the combined analyses. Second, we broaden the pri-

ors on the c0,2,4, as we use a slightly different conven-

tion (10). Jumping ahead, let us note that we will find

that the values of the higher-derivative parameters are of

order 10−2 with errorbars that are much tighter than the

priors. These values are consistent with the naturalness

arguments that ci ∼ k−2
NL.

2. Halo auto-power spectrum

For the the halo power spectrum, we exploit the stan-

dard EFT model from [64]. This is based on a larger

SO(3) symmetry, which reduces a number of possible

operators compared to the Lyman alpha forest case. In

the absence of selection effects, the linear kernel takes the

standard form,

KH
1 = bH1 + fµ2 (13)

where bH1 denotes the linear halo bias.

The PH model includes the stochastic contribution,

which at 1-loop order is given by

Pstoch =
1

n̄h

[
1 + PH

shot + aH0

(
k

kNL

)2

+ aH2 µ
2

(
k

kNL

)2
]
,

(14)

where PH
shot is residual constant shot-noise contribution,

aH0 and aH2 are scale-dependent stochastic biases. We

define the non-linear scale as kNL = 3hMpc−1 follow-

ing [37]. It should be noted that the constant shot-noise

n̄−1
h is subtracted from the halo auto-power spectrum

data. The stochastic EFT parameters are expected to be

O(1) numbers.

We also include a higher-order derivative correction,

as the halos are virialized objects with significant veloci-

ties. Following [31], we incorporate the k4 redshift-space

counterterm,

P∇4
zδ
(k, µ) = −c̃Hf4µ4k4

[
KH

1

]2
Plin(k) (15)

where c̃H is the higher-order counterterm.

The 1-loop EFT model for PH features 11 EFT pa-
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rameters. We adopt the following priors,

bH1 ∈ [0, 10] , bH2 ∼ N (0, 22) ,

bHG2
∼ N (0, 22) , bHΓ3

∼ N (0, 22)

cH0,2,4
[h−1Mpc]2

∼ N (0, 102) ,
c̃H

[h−1Mpc]4
∼ N (0, 1002)

PH
shot ∼ N (0, 12) ,

aH0 ∼ N (0, 12) , aH2 ∼ N (0, 12) ,

(16)

For bH1 , bH2 , bHG2
and bHΓ3

we adopt the same priors as

in the PF case (12). For the higher-derivative contribu-

tions, we choose large uninformative priors. The priors

on stochastic bias parameters are motivated by the EFT

naturalness arguments in the physical units [58].

It is important to note that in the combined 3-spectra

analysis the PH does not introduce new c4 parameter.

The equality of the µ4k2Plin counterterms for these two

spectra, i.e. c4 = cH4 , is dictated by the equivalence

principle [65, 66]. In this case, PH introduces only 10

new EFT parameters. An extension of this model with a

unique µ4k2 operator for the halo population is explored

in Appendix B.

3. Lyα – halo cross-power spectrum

The computation of the Lyα – halo cross-power spectra

(8) involves symmetrizing the expression with respect to

the Lyα and halo tracers. The direct calculation lead us

to the following expression,

PX
1-loop(k, µ) = K1(k)K

H
1 (k)Plin(k)

+ 2

∫
q

K2(q,k− q)KH
2 (q,k− q)Plin(|k− q|)Plin(q)

+ 3Plin(k)

∫
q

[K1(k)K
H
3 (k,−q,q)

+KH
1 (k)K3(k,−q,q)]Plin(q)

− (c0 + c2µ
2 + c4µ

4)KH
1 (k)k

2Plin(k)

− (cH0 + cH2 µ
2 + c4µ

4)K1(k)k
2Plin(k)

+ PX
∇4

zδ
.

(17)

Here we have used the fact that the µ4k2 operator is

protected by the equivalence principle and is universal

across all tracers.

A comment on the stochastic contribution is in or-

der. In galaxy muti-tracer analysis it is often assumed

that two types of galaxies have zero stochastic cross-

correlation, see e.g. [67]. However, this assumption is

hard to justify from the EFT point of view. For two

tracers A and B one could in general write down [68]

PX
shot(k) =

1√
n̄An̄B

+O(k2/k2NL) . (18)

In our case effectively n̄−1
Lyα ≃ 0 [63], plus the number

density of halos is quite high even for the massive ones,

which makes PX
shot highly suppressed.

In EFT, however, PX
shot also contains the counterterm

part needed to cancel the UV-dependence of the ⟨δ2δ2⟩ -
type loop integrals. If we assume that the quadratic bias

parameters are O(1), this will give us the estimate [56]:

PX
shot ∼

1

k3NL

∼ 0.05 [h−1Mpc]3 . (19)

This will generate a non-zero PX
shot, but its amplitude is

very small given the error bars of the Sherwood simula-

tion. Thus, we will proceed with PX
shot = 0 in our main

analyses, and use a model with non-zero PX
shot only to test

the validity of our baseline analysis. Jumping ahead, let

us say here that the addition of PX
shot does not improve

the fit to the Sherwood data, and hence it is reasonable

to set it to zero following our estimates. We note how-

ever, that for other tracers and experiments, e.g. eBOSS

quasars with a large shot noise [34], one may need to

include PX
shot in the fit.

We introduce only one unique operator for the cross-

power spectrum, the next-to-leading order k4 redshift-

space counterterm. For this term, we employ a sym-

metrized version of (15),

PX
∇4

zδ
(k, µ) = −c̃Xf4µ4k4K1(k)K

H
1 (k)Plin(k) (20)

where c̃X is a free EFT parameter. We ignore the stochas-

tic contributions as they are expected to be negligible for

the cross-power spectrum.

At face value, the 1-loop EFT model for PX depends

on 27 free parameters: 26 terms shared with the PF and

PH models, and one unique FoG operator specific to the

PX spectrum. We impose the broad uninformative prior

on the latter parameter,

c̃X

[h−1Mpc]4
∼ N (0, 1002) . (21)

D. Analysis pipeline

We fit the multidimensional vector P (3) using the 1-

loop EFT model. The theoretical calculation are carried
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out with a custom script interfaced with the CLASS-PT

code [58]. To sample the posterior distributions, we em-

ploy a Markov Chain Monte Carlo (MCMC) analysis.

We fix the cosmological parameters and vary only

the EFT parameters. For example, in the combined 3-

spectra analysis, we vary 27 nuisance parameters :

{b1, bη, b2, bG2
, bη2 , bδη, b(KK)∥ , bΠ[2]

∥

∣∣bΓ3
, c0, c2, c4, bΠ[3]

∥
, b(KΠ[2])∥

, b
δΠ

[2]

∥
, b

ηΠ
[2]

∥
}

× {bH1 , bH2 , bHG2

∣∣bHΓ3
, cH0 , c

H
2 , c̃

H, PH
shot, a

H
0 , a

H
2 } × {c̃X}

The parameters on the left side of the vertical line are

directly sampled in our MCMC chains, while the pa-

rameters on the right, which appear quadratically in the

likelihood, are marginalized over analytically, with their

posteriors later recovered from the chains a posteriori.

The MCMC chains are run using the Montepython

sampler [69, 70]. The plots and marginalized constraints

are generated with the getdist package [71]. 3

III. RESULTS

In this section, we present our results. We perform the

analysis with both catalogs of massive and light halos.

A. Massive halos

1. PH analysis

We begin by analyzing the auto-power spectrum of

most massive halos.

Fig. 1 shows 1D and 2D marginalized posterior distri-

butions for the bias parameters in the 1-loop EFT model.

The results are presented for four different kmax values:

0.8, 1, 1.5, and 2hMpc−1. We see that the posteriors are

consistent with each other. As a frequentest confirma-

tion of our results, we found an equally good fit across

all configurations. Starting from kmax = 1.5hMpc−1,

we observe that the mean value of bH2 is shifted lower.

For kmax = 2hMpc−1, the errors decrease further, and

bH2 is lower than zero by 2σ. These bH2 values appear

to be in conflict with the halo bias prediction based on

the background-split argument from [72], b̃H2 = 1.9 4.

The observed shifts indicate a mild systematic bias for

3 https://getdist.readthedocs.io/en/latest/
4 To estimate b̃H2 , we used the best-fit values of bH1 and bHG2

from

2.8 3.0 3.2

bH
1

−2

−1

0

1

bH G
2

−5

0

5

bH 2

−5 0 5

bH
2

−2 −1 0 1
bH
G2

PH kmax = 0.8 hMpc−1

PH kmax = 1 hMpc−1

PH kmax = 1.5 hMpc−1

PH kmax = 2 hMpc−1

FIG. 1. Marginalized posteriors obtained from the halo power

spectrum (massive halos) for different values of kmax: 0.8, 1,

1.5 and 2hMpc−1 (green, orange, blue, red, respectively).

kmax > 1hMpc−1, likely due to higher-order corrections

not accounted for in our one-loop model.

To determine a baseline kmax configuration, we quan-

tify the magnitude of the one-loop correction as a func-

tion of wavenumber. In Fig. 2, we plot the one-loop con-

tribution divided by the tree-level model. We see that

the magnitude of perturbative correction exceeds the lin-

ear theory prediction already at kmax = 0.8hMpc−1 for

µ ≳ 0.6, suggesting that higher-loop corrections may not

the baseline 3-spectra analysis, as described in Sec. III A 2. Note

that in our convention b2 = bref2 + 4
3
bG2 , where bref2 is the value

used in ref. [72].

https://getdist.readthedocs.io/en/latest/
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FIG. 2. The magnitude of one-loop corrections relative to the

linear theory prediction for massive halos. The theory predic-

tion is based on the best-fit model with kmax = 0.8hMpc−1.

be negligible. 5 Notably, the impact of the one-loop cor-

rection increases towards µ = 1. This suggests that the

velocity field is primarily responsible for the breakdown

of perturbation theory at small scales. Indeed, the ve-

locity field is more nonlinear than the density field for

dark matter halos. Strictly speaking, the 1-loop EFT is

valid until kmax ≃ 0.6hMpc−1 for the transverse (µ ∼ 0)

modes and until kmax ≃ 0.4hMpc−1 for the modes along

the line of sight (µ ∼ 1). Given that no biases are ob-

served at the level of the parameter estimation, it is likely

that the two-loop corrections were partly absorbed by

the one-loop nuisance parameters and counterterms. We

however note that the EFT model can be still applied on

these scales as a phenomenological model that is capable

to describe the data with high accuracy. Thus, we select

kmax = 0.8hMpc−1 as a baseline for the PH analysis.

2. PF + PH + PX analysis: diagonal covariance

We present the parameter constraints from the com-

bined analysis of the PH, PF and PX spectra. We

employ the Gaussian covariance matrix, neglecting the

off-diagonal terms. For the halo auto-power spectrum,

we fix kHmax = 0.8hMpc−1, as validated in the previ-

ous section. For the Lyα forest auto-power spectra,

we adopt kFmax = 2hMpc−1 which is lower than the

kFmax = 3hMpc−1 value used in ref. [37]. We found that

the parameter constraints derived from PF-only analysis

5 On the practical side, it might be more optimal to employ a µ-

dependent kmax cutoff. We plan to explore this option in future.

with kFmax = 3hMpc−1 are inconsistent with those ob-

tained from the combined PF + PH + PX analysis. As

detailed in App. A, this discrepancy can be attributed to

higher-order corrections in the Lyα forest power spec-

trum, which shift the posteriors to a new minimum.

Therefore, we select a more conservative kFmax value.

Fig. 3 shows the 1D and 2D marginalized posterior

distributions for the bias parameters derived from various

data combinations. The results of 3-spectra analyses are

presented for four different kXmax values: 0.8, 1, 1.5, and

2hMpc−1. We see that the posteriors obtained from the

auto-power spectra PF and PH are fully consistent with

those from the PF + PH + PX analysis up to kXmax =

1.5hMpc−1. For kXmax = 2hMpc−1, the contours for the

linear biases b1 and bη are significantly shifted compared

to the results with lower kXmax values. These shifts suggest

that the fit is biased for kXmax = 2hMpc−1.

As a validation of our scale cuts, we perform a χ2 test

for the PF+PH+PX analysis. For kXmax = 1hMpc−1, the

nominal χ2 statistics across the 355 data points is 372.

This indicates a satisfactory fit for 27 free parameters. It

is important to note, however, our EFT parameters are

quite degenerate and hence the counting of degrees of

freedom is not straightforward. 6 The fit quality rapidly

deteriorates at higher kXmax values: for kXmax = 1.5, the χ2

values increase to 404 for 371 data points; for kXmax = 2

it rises to 506 for 387 data points. These results suggest

to choose kXmax = 1hMpc−1 as a baseline.

Tab. I presents the 1D marginalized parameter con-

straints for the baseline analyses. First, we see that the

PF-only analysis provides the informative constraints on

all Lyman alpha bias parameters within their priors. This

validates our choice of EFT priors and showcases the

power of the EFT approach. Although the leading-order

counterterms for Lyα forest are of order 10−2, c2 and c4
are detected with high significance that motivates their

inclusion in the analysis. Second important observation

is that the inclusion of PX significantly improves the con-

straints obtained from the individual auto-power spectra.

In particular, the errors on Lyα forest non-linear bias pa-

rameters b2, bG2
, bη2 , bδη, bΠ[2]

∥
are reduced by more than

a factor of 2, while for b(KK)∥ the improvement exceeds

a factor of 4 relative to the PF-only analysis. Surpris-

ingly, the uncertainties on the cubic bias parameters and

counterterms for Lyα forest remain largely unchanged.

6 For example, we found that adding the bΓ3 does not affect the

quality of the fit.
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PF k max = 2 hMpc−1

PH k max = 0.8 hMpc−1

PF+PH+PX k X
max = 0.8 hMpc−1

PF+PH+PX k X
max = 1 hMpc−1

PF+PH+PX k X
max = 1.5 hMpc−1

PF+PH+PX k X
max = 2 hMpc−1

FIG. 3. Marginalized posteriors on nuisance parameters of the EFT model for the Lyα forest auto-power spectrum PF (orange),

the massive halo auto-power spectrum PH (blue), and their combination with the Lyα – halo cross-power spectrum PX at

z = 2.8. The combined analysis results are shown for four different values of kX
max: 0.8, 1, 1.5, and 2 hMpc−1 (gray, green, red,

purple, respectively). All results are obtained with the diagonal covariance.

The improvement for the halo bias parameters is more

modest, with the most significant impact on bHΓ3
, whose

error is reduced by a factor of 2. At the same time,

the halo counterterms and constant shot-noise parame-

ter constraints improve dramatically, ranging from 3 to

23 times better than in the PH-only analysis. We con-

clude that the PF, PH, and PX probes are highly com-

plementary, and their combination yields a significant in-

formation gain.

The best-fit predictions for our baseline 3-spectra

model across four angular bins are compared to the data

in Fig. 4. The EFT model predicts the PF, PH and
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Param.

Data
PF PH

PF + PH + PX

diag cov off-diag cov

b1 −0.2245+0.0126
−0.0154 – −0.2226+0.0094

−0.0098 −0.2184+0.0095
−0.0098

bη 0.332−0.031
−0.031 – 0.326+0.026

−0.025 0.331+0.021
−0.020

b2 0.03+0.44
−0.46 – 0.11+0.24

−0.16 0.02+0.14
−0.12

bG2 −0.07+0.38
−0.34 – −0.21+0.16

−0.09 −0.28+0.18
−0.11

bη2 0.072+0.194
−0.180 – 0.063+0.110

−0.075 0.169+0.077
−0.060

bδη −0.03+0.42
−0.83 – 0.63+0.18

−0.30 0.68+0.13
−0.25

b(KK)∥ −0.51+0.86
−1.18 – −1.94+0.12

−0.36 −1.66+0.16
−0.41

b
Π

[2]
∥

−0.142+0.212
−0.350 – 0.157+0.080

−0.183 0.023+0.052
−0.122

bΓ3 −0.49+0.13
−0.13 – −0.07+0.12

−0.12 0.20+0.12
−0.12

102c0/[h
−1Mpc]2 −2.32+1.06

−1.06 – −2.73+1.07
−1.07 −2.74+1.05

−1.05

102c2/[h
−1Mpc]2 4.26+1.54

−1.54 – 5.18+1.55
−1.55 5.48+1.52

−1.52

102c4/[h
−1Mpc]2 −5.38+1.0

−1.0 – −7.47+1.03
−1.03 −7.79+1.03

−1.03

b
Π

[3]
∥

0.771+0.089
−0.089 – 2.085+0.088

−0.088 2.178+0.089
−0.089

b
δΠ

[2]
∥

−0.05+0.19
−0.19 – −0.01+0.19

−0.19 −0.15+0.20
−0.20

b(KΠ[2])∥
−1.64+0.25

−0.25 – 0.66+0.25
−0.25 −0.33+0.25

−0.25

b
ηΠ

[2]
∥

−0.24+0.43
−0.43 – −0.17+0.43

−0.43 −0.16+0.44
−0.44

bH1 – 2.960+0.108
−0.102 2.967+0.083

−0.077 2.804+0.087
−0.083

bH2 – 0.16+1.91
−1.92 −1.41+1.35

−1.80 −1.67+1.25
−1.36

bHG2
– −0.34+0.66

−0.68 −0.31+0.51
−0.52 −1.03+0.49

−0.49

bHΓ3
– −0.03+0.53

−0.53 −0.71+0.25
−0.25 −0.05+0.36

−0.36

cH0 /[h
−1Mpc]2 – −0.44+2.94

−2.94 −0.70+0.13
−0.13 −0.27+0.24

−0.24

cH2 /[h
−1Mpc]2 – 2.06+1.11

−1.11 1.73+0.23
−0.23 1.82+0.41

−0.41

cH4 /[h
−1Mpc]2 – 3.70+1.33

−1.33 – –

c̃H/[h−1Mpc]4 – −1.67+1.42
−1.42 2.31+0.49

−0.49 2.37+0.71
−0.71

PH
shot – −0.066+0.764

−0.764 0.101+0.054
−0.054 0.035+0.037

−0.037

aH
0 – 0.04+0.97

−0.97 −0.16+0.89
−0.89 0.10+0.73

−0.73

aH
2 – −0.03+1.0

−1.0 0.19+0.97
−0.97 0.52+0.93

−0.93

c̃X/[h−1Mpc]4 – – 0.238+0.086
−0.086 1.252+0.317

−0.317

TABLE I. One-dimensional marginalized constraints on nuisance parameters of the one-loop EFT model from the Lyα forest

auto-power spectrum with kF
max = 2 hMpc−1 (second column), the massive halo auto-power spectrum with kH

max = 0.8 hMpc−1

(third column) and their combination with the Lyα – halo cross-power spectrum with kX
max = 1 hMpc−1, using diagonal

covariance (fourth column) and with kX
max = 0.8 hMpc−1 using off-diagonal covariance (fifth column) at z = 2.8. Parameter

constraints related to each respective spectrum are grouped together. The parameters in the upper section were directly

sampled in our MCMC chains, while the parameters in the lower section were analytically marginalized in the likelihood, with

their posteriors recovered from the chains a posteriori.

PX data at (kFmax, k
H
max, k

X
max) = (2, 0.8, 1)hMpc−1 with

the nominal 0.9%, 3.9% and 0.8% accuracy, respectively.

The residuals grow at lower k due to the significant

cosmic variance of the Sherwood simulation. These re-

sults represent a significant improvement over the previ-

ous analysis [43], which described the Lyα – halo cross-

power spectrum data with a 10% error up to scales of

kXmax = 1hMpc−1.
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FIG. 4. Best-fit EFT predictions against the simulated power spectra (left panel), and the residuals between the model and the

data (right panel). The best-fit model was obtained in the 3-spectra analysis for the most massive halos with (kF
max, k

H
max, k

X
max) =

(2, 0.8, 1)hMpc−1. The constant shot-noise contribution is subtracted from the PH data.

3. PF + PH + PX analysis: off-diagonal covariance

We now present the results of the 3-spectra analysis

using the full off-diagonal covariance (4), (5).

Fig. 5 shows the 1D and 2D marginalized posterior dis-

tributions for the bias parameters derived from various

data combinations. The results are shown for five differ-

ent kXmax values: 0.4, 0.8, 1, 1.5, and 2hMpc−1. We ob-

serve that the constraints obtained from the PF and PLH

individually remain consistent with those from the com-

bined 3-spectra analysis up to kXmax = 1.5hMpc−1. How-

ever, the posteriors shift more rapidly as kXmax increases

compared to analysis with the diagonal covariance, cf.

with Fig. 3. This indicates that the off-diagonal terms in

the covariance introduce additional constraints, leading

to a worse fit. Specifically, for kXmax = 0.4hMpc−1, the

minimum χ2 value is 401 for 307 data points, while for

kXmax = 0.8hMpc−1, it is 436 for 339 data points. With

27 free parameters, these results indicate similarly poor

fits for both configurations. Given that the best-fit χ2

statistics deteriorate rapidly for kXmax > 0.8hMpc−1 and

the posteriors remain consistent at smaller scale cuts, we

choose kXmax = 0.8hMpc−1 as a baseline for the 3-spectra

analysis with off-diagonal covariance.

Tab. I compares the constraints on EFT parameters

obtained when using the diagonal covariance (fifth col-
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FIG. 5. Marginalized posteriors on nuisance parameters of the EFT model for the Lyα forest auto-power spectrum PF (orange),

the massive halo auto-power spectrum PH (blue), and their combination with the Lyα – halo cross-power spectrum PX at

z = 2.8. The combined analysis results are shown for four different values of kX
max: 0.4, 0.8, 1, 1.5, and 2 hMpc−1 (dashed

black, gray, green, red, purple, respectively). All results are obtained with the off-diagonal covariance.

umn) and the off-diagonal covariance (forth column). For

Lyα forest parameters and halo stochasticity parame-

ters, the analysis with the off-diagonal covariance yields

tighter constraints than the analysis with diagonal co-

variance. As discussed earlier, this improvement stem

from off-diagonal terms in the covariance, which intro-

duce additional correlations between data points. At the

same time, the halo counterterms are better constrained

in the analysis with the diagonal covariance, which can

be explained by the higher value kXmax = 1hMpc−1used

there. Overall, the constraints from the baseline analyses

with diagonal and off-diagonal covariances are consistent
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different values of kmax: 0.8, 1, 1.5 and 2hMpc−1 (green,

orange, blue, red, respectively).

with each other. This validates our analysis procedure,

including the adopted data cuts.

B. All halos

1. PLH analysis

In this section, we present the results obtained from

the complete halo catalog. We start with the analysis of

the auto-power spectrum of light halos.

Fig. 6 shows the posterior distributions for the bias

parameters. The constraints on the bias parameters ap-

pear to be tighter compared to those from the PH anal-

ysis, cf. with Fig. 1. This improvement can be at-

tributed to the higher number density of the full halo

catalog. Consequently, as kmax increases, the contours

shifts more rapidly, implying that the perturbative ap-

proach for light halos breaks down at smaller scales. For

kmax = 1hMpc−1, the best-fit χ2 statistics shows a good

agreement with the data. However, for smaller data cuts,

the fit quality deteriorates substantially, leading to shifts

in the posteriors. For instance, for kmax = 2hMpc−1, the

parameter bLH2 = −3.3 ± 0.4 shows a significant tension

with the peak-background split result b̃LH2 = −0.6 [72]

and the measurements of [73], suggesting a biased fit. 7

We evaluate the magnitude of the one-loop correction.

Our analysis shows that one-loop contribution remains

below 20% of the linear theory prediction up to scales

of kmax = 0.8hMpc−1. Thus, we select a conservative

scale cut kmax = 0.8hMpc−1 as a baseline for the all-

halo power spectrum analysis. This choice also justifies

the scale cut used in the PH analysis in Sec. III A, as the

full halo catalog, with its greater statistical power, offers

a more stringent test of the theoretical model. Addition-

ally, using the same scale cut kmax for both the light and

most massive halos facilitates a direct comparison of the

results.

2. PF + PLH + PX analysis: diagonal covariance

We now present the parameter constraints from the

combined PF + PLH + PX analysis. Consistent with

the analysis of the most massive halos, we fix kFmax =

2hMpc−1 and kHmax = 0.8hMpc−1, and vary kXmax inde-

pendently.

Fig. 7 shows the 1D and 2D marginalized posterior

distributions for the bias parameters derived from vari-

ous data combinations. The constraints derived from PF

and PLH individually are entirely consistent with those

from the 3-spectra analysis up to kXmax = 1hMpc−1. The

largest difference is observed in the b2 parameter, whose

posterior remains consistent between the two analyses at

the 2σ level. For kXmax > 1hMpc−1, the contours for the

linear bias parameter bη shift progressively. This suggests

that the fit is biased already at kXmax = 1hMpc−1.

To confirm our scale cuts, we perform a χ2 test for the

combined 3-spectra analysis. For kXmax = 0.8hMpc−1,

the best-fit χ2 statistic is 372 across the 339 data points,

indicating a satisfactory fit for 27 free parameters. For

kXmax = 1hMpc−1, the χ2 value increases to 402 for the

355 data points. For kXmax > 1hMpc−1, the fit qual-

ity deteriorates rapidly. Given that the fit quality for

kXmax = 0.8hMpc−1 and kXmax = 1hMpc−1 is compara-

ble and that their posteriors are consistent, we adopt

kXmax = 1hMpc−1 as our baseline scale cut. In Ap-

pendix B, we demonstrate that the fit to the 3-spectra for

light halos can be significantly improved by introducing

one additional phenomenological free parameter.

7 See footnote 4.
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FIG. 7. Marginalized posteriors on nuisance parameters of the EFT model for the Lyα forest auto-power spectrum PF (orange),

the all-halo auto-power spectrum PLH (blue), and their combination with the Lyα – all-halo cross-power spectrum PX at z = 2.8.

The combined analysis results are shown for four different values of kX
max: 0.8, 1, 1.5, and 2 hMpc−1 (gray, green, red, purple,

respectively). The results are obtained with the diagonal covariance.

The 1D marginalized parameter constraints for the

baseline configurations are given in Tab. II. The inclu-

sion of PX significantly improve the constraints obtained

from the PF and PLH individually. For the Lyman-α

forest bias parameters, the errors are reduced by factors

ranging from 1.3 to 3.6 compared to the PF-only analysis.

Interestingly, unlike the analysis of the most massive ha-

los, the constraints on the Lyman-α forest counterterms

improve relative to the PF-only analysis; for instance, the

uncertainty on c0 is reduced by a factor of 1.6. For the

halo bias parameters, the improvement is similar to the

analysis in Sec. IIIA 2, with the most significant impact
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Param.

Data
PF PLH

PF + PLH + PX

diag cov off-diag cov

b1 −0.2245+0.0126
−0.0154 – −0.2291+0.0095

−0.0098 −0.2125+0.0084
−0.0087

bη 0.332−0.031
−0.031 – 0.326+0.026

−0.024 0.346+0.016
−0.015

b2 0.03+0.44
−0.46 – −0.27+0.15

−0.22 0.61+0.10
−0.07

bG2 −0.07+0.38
−0.34 – −0.24+0.09

−0.15 0.40+0.07
−0.05

bη2 0.072+0.194
−0.180 – −0.087+0.126

−0.154 0.191+0.084
−0.077

bδη −0.03+0.42
−0.83 – −0.30+0.13

−0.22 −0.16+0.09
−0.16

b(KK)∥ −0.51+0.86
−1.18 – 1.20+0.41

−0.23 0.11+0.08
−0.14

b
Π

[2]
∥

−0.142+0.212
−0.350 – −0.266+0.166

−0.175 −0.353+0.069
−0.117

bΓ3 −0.49+0.13
−0.13 – −0.32+0.11

−0.11 −1.69+0.11
−0.11

102c0/[h
−1Mpc]2 −2.32+1.06

−1.06 – −2.66+0.65
−0.65 −2.36+0.48

−0.48

102c2/[h
−1Mpc]2 4.26+1.54

−1.54 – 3.50+1.20
−1.20 5.04+1.07

−1.07

102c4/[h
−1Mpc]2 −5.38+1.0

−1.0 – −3.03+0.90
−0.90 −6.04+0.90

−0.90

b
Π

[3]
∥

0.771+0.089
−0.089 – 0.931+0.085

−0.085 1.163+0.079
−0.079

b
δΠ

[2]
∥

−0.05+0.19
−0.19 – −0.17+0.18

−0.18 −0.56+0.19
−0.19

b(KΠ[2])∥
−1.64+0.25

−0.25 – −3.07+0.20
−0.20 −1.81+0.22

−0.22

b
ηΠ

[2]
∥

−0.24+0.43
−0.43 – 0.54+0.42

−0.42 0.01+0.43
−0.43

bLH
1 – 1.375+0.042

−0.039 1.327+0.030
−0.030 1.266+0.037

−0.035

bLH
2 – 0.58+1.03

−1.20 −1.86+0.41
−0.46 −2.03+0.44

−0.50

bLH
G2

– 0.25+0.39
−0.44 0.37+0.37

−0.37 0.09+0.34
−0.36

bLH
Γ3

– 0.14+0.13
−0.13 −0.18+0.08

−0.08 −0.61+0.10
−0.08

cLH
0 /[h−1Mpc]2 – 0.024+0.087

−0.087 −0.196+0.051
−0.051 −0.091+0.062

−0.062

cLH
2 /[h−1Mpc]2 – 1.404+0.159

−0.159 −0.240+0.065
−0.065 −0.323+0.087

−0.087

cLH
4 /[h−1Mpc]2 – 2.15+0.42

−0.42 – –

c̃LH/[h−1Mpc]4 – −0.81+0.77
−0.77 3.53+0.22

−0.22 3.93+0.20
−0.20

PLH
shot – 0.001+1.0

−1.0 −0.24+0.95
−0.95 −0.08+0.84

−0.84

aLH
0 – 0.0+1.0

−1.0 0.0+1.0
−1.0 0.02+1.0

−1.0

aLH
2 – 0.0+1.0

−1.0 0.0+1.0
−1.0 0.02+1.0

−1.0

c̃X/[h−1Mpc]4 – – 0.623+0.049
−0.049 1.768+0.098

−0.098

TABLE II. One-dimensional marginalized constraints on nuisance parameters of the one-loop EFT model from the Lyα forest

auto-power spectrum with kF
max = 2 hMpc−1 (second column), the all-halo auto-power spectrum with kH

max = 0.8 hMpc−1

(third column) and their combination with the Lyα – all-halo cross-power spectrum with kX
max = 1 hMpc−1 using diagonal

covariance (fourth column) and with kX
max = 0.8 hMpc−1 using off-diagonal (fifth column) at z = 2.8. Parameter constraints

related to each respective spectrum are grouped together. The parameters in the upper section were directly sampled in our

MCMC chains, while the parameters in the lower section were analytically marginalized in the likelihood, with their posteriors

recovered from the chains a posteriori.

on bH2 , whose error is decreases by more than a factor of 2.

The improvement for the halo counterterms ranges from

1.7 to 3.5 times. We conclude that the PF, PLH, and

PX measurements are highly complementary, though the

information gain is somewhat reduced compared to the

analysis of the most massive halos. This reduction can

be attributed to the greater statistical power of the light

halo power spectrum, which diminishes the impact of the
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cross-correlation in the 3-spectra analysis.

The best-fit predictions for our baseline 3-spectrum

model across four angular bins are shown in Fig. 8.

The EFT model describes the PF, PLH and PX data at

(kFmax, k
H
max, k

X
max) = (2, 0.8, 1)hMpc−1 with 0.8%, 3.4%

and 1.1% accuracy, respectively. We found a mild im-

provement in the modeling of the halo auto-power spec-

trum relative to the analysis in Sec. III A 2. This accu-

racy can be further enhanced to 2% by including an ad-

ditional free parameter, as detailed in App.B. Our find-

ings demonstrate a fivefold improvement in modeling the

Lyα – halo cross-power spectrum compared to the earlier

analysis in ref. [43], which only achieved 5% accuracy up

to kXmax = 1hMpc−1 for light halos.

Finally, as an extension of our analysis, we add PX
shot

to the fit at kXmax = 1 hMpc−1. We do not detect this

parameter in the data. Our 68% constraint reads

PX
shot

[h−1Mpc]3
= 0.15± 0.19 .

We have additionally checked in post-processing that

adding PX
shot to the best-fit models from other analyses

does not improve the fit and does not increase the accu-

racy of the EFT model at higher kmax. These analyses

validate our baseline choice PX
shot = 0.

3. PF + PLH + PX analysis: off-diagonal covariance

We now proceed to the 3-spectra analysis with the full

off-diagonal covariance.

Fig. 9 shows the 1D and 2D marginalized posterior

distributions for the bias parameters derived from vari-

ous data combinations. Up to kXmax = 0.8hMpc−1, the

constraints from the combined 3-spectra analysis remain

consistent with those obtained from the PF and PLH

individually. The largest difference is seen for the bLH2
parameter, which posteriors deviate at the 2.1σ level –

a difference still within nominal statistical consistency.

As kXmax increases, the posteriors shift more rapidly com-

pared to the analysis with the diagonal matrix, cf. Fig. 7.

For kXmax > 0.8hMpc−1, the selection-dependent bias bη
exhibits the most significant shifts, indicating a biased fit

at these scales.

As a frequentest confirmation of our scale cuts,

we found similar fit quality for kXmax < 0.8hMpc−1,

while the goodness-of-fit deteriorate rapidly for kXmax >

0.8hMpc−1. Specifically, for kXmax = 0.8hMpc−1 the

minimum χ2 value is 397 across the 339 data points,

whereas for kXmax = 1hMpc−1 it sharply increases to

572 for 355 data points. Given 23 free parameters,

this behavior suggests that the perturbative approach

breaks down at kXmax = 1hMpc−1. Thus, we select

kXmax = 0.8hMpc−1 as a baseline for the 3-spectra anal-

ysis with the off-diagonal covariance.

Tab. II compares the constraints on EFT parameters

obtained when using diagonal covariance and off-diagonal

covariance. When using the off-diagonal covariance the

errors on Lyα forest parameters and constant shot-noise

decrease compared to the analysis with diagonal covari-

ance. However, the agreement between the two analyses

is worse than in the case of the most massive halos, cf.

Tab. I. For example, the constraints on b2 and bG2 differ

at the 4.3σ and 4.6σ levels, respectively. The discrepancy

for the next-to-leading counterterm c̃X is even more sig-

nificant, reaching 10σ, though this can be attributed to

overfitting of the data. This degradation in the fit quality

can be explained by the additional correlations between

data points introduced by the off-diagonal terms in the

covariance. We plan to explore this in future.

IV. CONCLUSIONS

We have presented the one-loop EFT model for the

cross spectrum of the Lyα forest and a generic biased

tracer of matter. Our work is primarily aimed at the

analytic description of the Lyα forest – galaxy and Lyα

forest – quasar cross correlations. We have found an ex-

cellent agreement between our theoretical model and the

Lyα-halo data from the Sherwood hydrodynamical simu-

lation data on quasi-linear scales. Specifically, the 1-loop

EFT model provides a percent-level accuracy in fitting

these data at kmax ≃ 1 hMpc−1. Our model can be

readily applied to the cross-correlation data from eBOSS

and DESI surveys.

Our analysis suggests several directions for further im-

provements. From the simulation side, we have only an-

alyzed the friends-of-friends halo catalogs, which under-

estimate the non-linear redshift-space distortions, known

as the fingers-of-God [74]. Thus, it will be important to

extend our study to Rockstar [75] and COMPASO [76]

halo finders, which captures fingers-of-God more accu-

rately (see e.g. [66, 77] and references therein). In addi-

tion, it will be interesting to apply our model to simu-

lated galaxies whose properties are close to the realistic

samples.

From the theory point of view, it will be interesting
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FIG. 8. Best-fit EFT predictions against the simulated power spectra (left panel), and the residuals between the model and

the data (right panel). The best-fit model was obtained in the 3-spectra analysis for light halos with (kF
max, k

H
max, k

X
max) =

(2, 0.8, 1)hMpc−1. The constant shot-noise contribution is subtracted from the PLH data.

to extend our model to higher order statistics, such as

the Lyα-galaxy bispectrum. The particular configuration

dependencies of higher order statistics will allow one to

break degeneracies between EFT parameters and eventu-

ally improve cosmological constraints. Moving forward,

it will be important to develop simulation based priors

for the Lyα forest and high redshift galaxies along the

lines of [66, 78].

The ultimate goal of EFT modeling is to infer cosmo-

logical parameters from the actual data. For that one

has to extend our analysis to cosmological parameters,

starting with validations against mock data that resem-

ble the actual observations in terms of clustering prop-

erties. The Sherwood data that we used here does not

have large enough volume for this purpose, but it can be

done with larger simulation suites such as ACCEL2 [79].

Finally, it will be interesting to understand how the

Lyα-quasar cross-correlations are affected in the presence

of new physics. For instance, it is known that the bispec-

trum of different tracers can be used to test the equiv-

alence principle [80–85]. As example of such scenario is

the violation of Lorentz invariance in the dark matter

sector [86, 87]. Since the Lyα forest primarily tracers

baryons (which obey the equivalence principle with high

precision), while quasars trace dark matter, one could ex-

pect the Lyα-quasar bispectrum to be a sensitive probe of
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FIG. 9. Marginalized posteriors on nuisance parameters of the EFT model for the Lyα forest auto-power spectrum PF (orange),

the all-halo auto-power spectrum PLH (blue), and their combination with the Lyα – all-halo cross-power spectrum PX at z = 2.8.

The combined analysis results are shown for four different values of kX
max: 0.4, 0.8, 1, 1.5, and 2 hMpc−1 (dashed black, gray,

green, red, purple, respectively). The results are obtained with the off-diagonal covariance.

this scenario. We leave this and other research directions

listed above for future exploration.
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Appendix A: PF analysis

Here we present the results from the Lyα forest auto-

power spectrum for various data cut choices.

Fig. 10 illustrates the posterior distribution of the bias

parameters. Results are presented for four different kmax

values: 2, 3, 4, and 5hMpc−1. We see that the poste-

riors from the PF-only analysis with kmax = 2hMpc−1

are fully consistent with those of the baseline 3-spectra

analysis. While the Lyα contours for kmax = 3hMpc−1

are entirely consistent with kmax = 2hMpc−1 results,

they are inconsistent with the baseline 3-spectra analysis

(which uses kFmax = 2hMpc−1). This highlight the im-

portance of multi-tracer analysis in validating scale cuts.

For kmax = 4hMpc−1 and kmax = 5hMpc−1, the PF-

only analysis exhibits significant shifts and a dramatic

reduction of the posterior volume.

To evaluate the validity of the perturbation theory, we

assess the magnitude of the one-loop correction as a func-

tion of wavenumber. Fig. 11 shows the one-loop con-

tribution divided by the tree-level model for the base-

line configuration kmax = 2hMpc−1. These results in-

dicates that the perturbative approach is valid up to

kmax = 2hMpc−1. Importantly, as shown in ref. [37],

for kmax ∼ 3hMpc−1, the one-loop corrections is compa-

rable to the tree-level result, suggesting that higher loop

corrections may be not negligible. Fitting the PF-only

data up to kmax = 3hMpc−1 leads to unphysical val-

ues of the EFT parameters, which are inconsistent with

the results of the PF + PH + PX analysis. The Lyα –

all-halo cross-power spectrum effectively break parame-

ter degeneracies, ensuring unbiased inference of the EFT

parameters.

Appendix B: PF + PLH + PX analysis with free cH4

In the main analysis, we assume that the c4 coun-

terterm is universal across all tracers as dictated by the

equivalence principle. Here, we consider the extension of

the EFT model by introducing one extra parameter cH4
specific for halos. While this model cannot be considered

consistent from the theoretical viewpoint (unless one is

willing to violate the equivalence principle), we show here

that this allows one to significantly improve the fit quality

and push the modeling of the halo auto-power spectrum

to smaller scales. Therefore, this extension might have

some phenomenological value.

Our EFT model for the Lyα forest and halo auto-

power spectra remains unchanged, while for the Lyα –

halo cross-power spectra, it modifies to

P̃X
1-loop(k, µ) = K1(k)K

H
1 (k)Plin(k)

+ 2

∫
q

K2(q,k− q)KH
2 (q,k− q)Plin(|k− q|)Plin(q)

+ 3Plin(k)

∫
q

[K1(k)K
H
3 (k,−q,q) +KH

1 (k)K3(k,−q,q)]Plin(q)

− (c0 + c2µ
2 + c4µ

4)KH
1 (k)k

2Plin(k)

− (cH0 + cH2 µ
2 + cH4 µ

4)K1(k)k
2Plin(k)

+ PX
∇4

zδ
,

(B1)

where we introduced a new parameter cH4 . In total, the

EFT model for the combined 3-spectra analysis features

28 free parameters. For concreteness, we consider the

case of light halos. We perform the 3-spectra analysis

with the diagonal covariance.

Fig. 12 shows the 1D and 2D posterior distributions

for the bias parameters derived from various data com-

binations. The posteriors of the new 3-spectra analysis

are consistent with those from the PF-only and PLH-

only data up to scales of kXmax = 1.5hMpc−1. As kXmax

increases, the contours shift more gradually compared

to the standard analysis in Sec. III B 2, cf. with Fig. 7.

As a frequentest confirmation of our results, we observe

significantly improved fits across all configurations. For

kXmax = 1hMpc−1, the minimum χ2 value is 376 for 355

data points, indicating a good fit with 28 free parame-

ters. To facilitates a comparison with the results from

the standard modeling presented in the main text, we

select a conservative scale cut kXmax = 0.8hMpc−1 as a

baseline for the 3-spectra analysis.

Tab. III compares the parameter constraints from the

baseline 3-spectra analysis for two different EFT mod-

els. Although the new framework introduces one addi-

tional free parameter, the parameter constraints degrade

slightly. The agreement with the results from individual

PF and PLH analyses improves significantly for certain

EFT parameters. In particular, the bLH2 parameter is in

perfect agreement with the peak-background split pre-

diction, b̃LH2 = −0.6 [72], whereas the standard 3-spectra

analysis exhibits a 3σ tension with the theoretical pre-
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FIG. 10. Marginalized posteriors on nuisance parameters of the EFT model for the Lyα forest auto-power spectrum PF for

different values of kmax : 2, 3, 4 and 5hMpc−1 (orange, green, blue, magenta, respectively). For comparison, the results of the

baseline PF + PH + PX analysis with (kF
max, k

H
max, k

X
max) = (2, 0.8, 1)hMpc−1 are shown (black).

diction.

We evaluate the performance of the extended EFT

model. Our best-fit prediction describes the PF, PLH

and PX data at (kFmax, k
H
max, k

X
max) = (2, 0.8, 1)hMpc−1

with 0.8%, 2.5% and 0.8% accuracy, respectively. This

represents a substantial improvement in the modeling of

the halo power spectrum compared to the baseline 3-

spectra analysis, which achieved 3.4% accuracy. Fig. 13

showcase the performance of our new model for the PLH

spectrum, cf. with Fig. 8. No significant improvement

was observed in the modeling of the PF and PX data.
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TABLE III. One-dimensional marginalized constraints on nuisance parameters of the one-loop EFT model from the Lyα forest

auto-power spectrum with kF
max = 2 hMpc−1 (second column), the all-halo auto-power spectrum with kH

max = 0.8 hMpc−1 (third

column) and their combination with the Lyα – all-halo cross-power spectrum with kX
max = 1 hMpc−1 using two different EFT

model for the cross-power spectrum at z = 2.8. All results are obtained with the diagonal covariance. Parameter constraints

related to each respective spectrum are grouped together. The parameters in the upper section were directly sampled in our

MCMC chains, while the parameters in the lower section were analytically marginalized in the likelihood, with their posteriors

recovered from the chains a posteriori.
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