Efficiently evaluating loop
integrals in the EFTOfLSS
using QFT integrals
with massive propagators
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Density perturbations in
cosmology



13.8 Billion yrs

BICEP2 Collaboration/CERN/NASA
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How do the primordial inhomogeneities evolve up until today?
p=7
D

Size of perturbations: 0 =
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How do the primordial inhomogeneities evolve up until today?

Size of perturbations: 0 = pP=p
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How do the primordial inhomogeneities evolve up until today?

Size of perturbations: § = p_tp
p
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How do the primordial inhomogeneities evolve up until today?
p=7

Size of perturbations: 0 =
p
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The standard solution: perturbation theory

3 equations:

e Continuity equation (conservation of mass) 8tp — —V, y (pU)

* Euler equation (0t +u-V,)u= _VrP —V,o
* Poisson equation VECD = 477 Gp

Assumptions:

* Only consider cold dark
matter (CDM)

* Itis a perfect fluid (no
pressure)




The standard solution: perturbation theory

3 equations:

e Continuity equation (conservation of mass)

* Euler equation

* Poisson equation

D

H r=a(t)x

|l
v | o

Assumptions:

* Only consider cold dark
matter (CDM)

* ltis a perfect fluid (no
pressure)

Otp = =V, - (pu)

(0t +u-V,)u= _V,P —V,d
V2 = 4nGp
Op _
* Oth order 5. +3Hp=0
e 1t order 040 = _lv v
a =0
1
(0 + H)v = ;lﬁ —Vood
ap a

V25® = 41 Ga’pé
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The standard solution: perturbation theory

3 equations:

e Continuity equation (conservation of mass)

* Euler equation

* Poisson equation

D

H r=a(t)x

|l
v | o

Assumptions:
* Only consider cold dark

Otp = =V, - (pu)

(0t +u-V,)u= _V,P —V,d
V2 = 4nGp
Op _
* Oth order 5. +3Hp=0
e 1t order 040 = _lv v
a =0
1
(8t -+ H)V — ;ﬁ —Vdd)
dap d

matter (CDAA)
* ltisap
pressur
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Why the Effective Field Theory of
Large-Scale Structure?



The standard solution: perturbation theory

: : _p—p
Linear solution: 5(1)(3’ k) X g X t2/3 Size of perturbations: § = 5
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The standard solution: perturbation theory

: . _p—p
Linear solution: 5(1)(3’ k) X a X t2/3 Size of perturbations: 0 = 5

Non-linear equations:

* Continuity equation (conservation of mass) 9,5 = _EV -((L+4)v)
a
1

* Euler equation (0 + H)v + %(v -V)v = —=Vid
a

* Poisson equation V25cb — 47 Gazﬁé
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The standard solution: perturbation theory

: . _p—p
Linear solution: 5(1)(3’ k) X a X t2/3 Size of perturbations: 0 = 5

Non-linear equations:
Non-linear terms

e Continuity equation (conservation of mass) 06 = —EV ((1 @
a

* Euler equation (@t + H)V + : _EV(SCD
a a

* Poisson equation V25cb — 47 Gazﬁé
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The standard solution: perturbation theory

: : _p—p
Linear solution: 5(1)(3’ k) X g X t2/3 Size of perturbations: § = 5

Non-linear equations:
Non-linear terms

e Continuity equation (conservation of mass) 06 = _lv ((1 @
a

* Euler equation (@t + H)V + : _EV(SCD
4 d

* Poisson equation V25cb — 47 Gazﬁé

5(a, k) = N a" 6 (k)

ORI CED S AC BT CARRICS

qi---qn
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Problems with perturbation theory

General solution:

Problems:

o(a, k) =Y a"s"(k) 1. Integral can diverge in general!

oy . 2. Perturbations are not small. Is PT even valid?
SO = [ do(k =3 @) Faldi.- - G)5DG) 0V ()
di..-dn
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Problems with perturbation theory

General solution:

Problems:

o(a, k) =Y a"s"(k) 1. Integral can diverge in general!

B n=1 2. Perturbations are not small. Is PT even valid?
S (K) = / AU S AR AL CICANIOIES
qi..

Try smoothing: & — [d]a(X) = /dy Walx —y)oly)
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Problems with perturbation theory

General solution:

Problems:
= Za 0" (k) 1. Integral can diverge in general!
= 2. Perturbations are not small. Is PT even valid?
SOE) = [ ok =Y @l @)@ 6(a)
gi...qn

Try smoothing: & — [d]a(X) = /dy Walx —y)oly)

Good expansion parameter (small)

Short scale interactions induce an effective cosmological fluid
with pressure and viscosity (Baumann et al. arXiv:1004.2488)

Parameters of effective fluid exactly provide the counterterms to
renormalize the standard theory (Carrasco et al.
arXiv:1206.2926)

Parameters can be fitted to simulations and/or observations

19
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How to use EFTOfLSS efficiently?

Need statistics to com

Power spectrum

(0(k1)d(k2)) = (2m)>6° (k1 + k2) P(k1)

(6 (k)oY (k) = (2m)38° (k1 + ko) Pis( k1)

pare with data

(6(k1)0(kp)6(k3)) = (27)38°(ky + ko + k3)B(ki, ko, k3)

21



How to use EFTOfLSS efficiently? (80a) (ko)) = (2m)*6° (ko + ko) Py ()

Need statistics to compare with data

(6(k1)d(ka)) = (2m)°6° (k1 + ko) P(k1) (0(k1)d(k2)d(ks)) = (2)38° (ky + ko + k3) B(ky, k2, k3)
At 1-loop:

P(k) = Piin(k) ++ Pei(k)

Loop diagrams

Po(k) = 2 / Fy(q, k — @) Pin(g) Pin([K — q)
q

Pra(k) = 6P (k) / Fy(@, —¢. k) Pin(a)




How to use EFTOfLSS efficiently?

Need statistics to compare with data

Power spectrum

(6(k1)d(k2)) = (2m)>6° (k1 + ko) P(k1)

At 1-loop:

P(k) = Piin(k) ++ + Pei(k)

Loop diagrams

Poo(k) = 2

J

[Fo(q,k — q)]” Pin(q)Pin(|k — q|)

Pra(k) = 6P (k) / Fy(@, —¢. k) Pin(a)

q

(6 (k)oY (k) = (2m)38° (k1 + ko) Pis( k1)

(6(k1)d(ko)6(k3)) = (27)38°(ky + ko + k3)B(ki, ko, k3)

At 1-loop:

Loop diagrams

Basa(k1, k2, k) = 8]F2(q, ki —q)Fa(k1 — q. k2 + q)Fa(ke +q,—q)

q

X Piin(q)Pin (k1 — q]) Pin (k2 + ql) .

Bia(ky, k2, k3) = 6Piin (k1) / F3(—q,—kz + q,—k1)F5(q, k2 — q) Piin(q) Piin(|k2 — q)

q
+ 5 perms ,

Bigy (k1. ka, ks) = Fa(k1, ko) P (k1) Pra(ke) + 5 perms

By (k. ey, ks) = 12Bign (k) B () f Fi(q, —q, —k1, —kz)Pin() + 2 cyclic perms.

q
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Calculating the loop integrals — example with power spectrum

P(k) = Piin(k) + P13(k) + P22(k) + Pey (k) Pos(k) = 2/ (Fy(q,k — q)]° Pin(q) Pin(/k — q|)
q
Pi5(k) = 6P, (k Fs(q,—q, k)P :
The following strategy is adopted: 13 () lin (¥) /q; 3(¢, =4, k) Pin(q)
.'-': Decompose Py, into sum of * Basis functions are cosmology independent.
T predetermined basis functions * Cosmology dependence is encoded in the

coefficients of each basis function.

24



Calculating the loop integrals — example with power spectrum

P(k) = Plin(k) + P13(k) + Pzz(k) + Pct(k)

The following strategy is adopted:

-

Decompose Pj;;, into sum of
predetermined basis functions

¥

Calculate the loops for each
combination of basis functions,
obtaining tensors

Pos (k) = 2 / Fo(q, k — )] Pan(q) Pin (K — q)

q

Pra(k) = 6P (k) f Fy(@, —q, k) Pin(q)

Basis functions are cosmology independent.
Cosmology dependence is encoded in the
coefficients of each basis function.

Tensor rank depends on the specific diagram.
Tensors are cosmology independent.

25



Calculating the loop integrals — example with power spectrum

P(k) = Piin(k) + P13(k) + P22(k) + Pey (k) Pos(k) = 2/ (Fy(q,k — q)]° Pin(q) Pin(/k — q|)
q
Pi5(k) = 6P, (k Fs(q,—q, k)P :
The following strategy is adopted: 13 () in () /(; 3(¢, =4, k) Pin(q)
_-_-_’. Decompose Py, into sum of * Basis functions are cosmology independent.
T predetermined basis functions * Cosmology dependence is encoded in the

coefficients of each basis function.

¥

QE Calculate the loops for each  Tensor rank depends on the specific diagram.

combmatloh F’f basis functions, * Tensors are cosmology independent.
obtaining tensors

\ 4

Contract the tensors with the
cosmology-dependent coefficients

This directly gives the integral.
Instead of a numerical integration we are
doing a matrix multiplication.

26



Calculating the loop integrals — previous method

-
0

FFTLog

Simonovic et al. arXiv:1708.0813

Decompose Pj;;, into sum of
predetermined basis functions

Calculate the loops for each
combination of basis functions,
obtaining tensors

Contract the tensors with the
cosmology-dependent coefficients

f_)lin (kn )

m=N/2

E CTTL

m=—N/2

Coefficients are quicky
calculated using FFTLog

27




Calculating the loop integrals — previous method

-
0

Simonovic et al. arXiv:1708.0813

FFTLog

Decompose Pj;;, into sum of
predetermined basis functions

Calculate the loops for each
combination of basis functions,
obtaining tensors

Contract the tensors with the
cosmology-dependent coefficients

m= N/?
Hin(kn) —

Ji

m=— N/Q

1
= k3~ 2”'ml(y 9)

211 |k _ q|21/2

Coefficients are quicky
calculated using FFTLog
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Calculating the loop integrals — previous method

-
0

Decompose Py, into sum of
predetermined basis functions

Calculate the loops for each
combination of basis functions,
obtaining tensors

Contract the tensors with the

cosmology-dependent coefficients

* Works well for 1-loop power spectrum

However:

FFTLog

Simonovic et al. arXiv:1708.0813
m=N/2

Pulb) = Y enfii™
m=—N/2

/ ! = k3~ 2”ml(z/ 9)
q

¢ |k — qf*2

Coefficients are quicky
calculated using FFTLog

Poo(k) =k > cm k™2 - Moo (v1,19) + ey k™2

mi,ma2

» ~50 basis functions required (matrices become very heavy in bispectrum)

* Analytically very challenging past 1-loop power spectrum (dependence in k is not analytic)

* So far, a parameter inference using FFTLog with full 1-loop bispectrum in real data has not
been done (see Philcox et al. arXiv:2206.02800 for an approximation using simulations)
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Calculating the loop integrals — previous method

FFTLog
Simonovic et al. arXiv:1708.0813
- m_N/Q

E_:__. Decompose Pj;;, into sum of plin( kn) _ Co @ Coefficients are quicky
i predetermined basis functions m——N/2 calculated using FFTLog

Calculate the loops for each 1 _ 13- 2,,,12'(’/ Vo)

combination of basis functions, |k — q|?v2 2
obtaining tensors
Contract the tensors with the Poo(k) = K Z e kT2 Moo (11, 12) + Comg k222
cosmology-dependent coefficients myme

* Works well for 1-loop power spectrum

However:

» ~50 basis functions required (matrices become very heavy in bispectrum)




Calculating the loop integrals — new method (this talk)

Analytic decomposition PO KR e Ry i) = (:‘;/ f:‘f) —
w/ Anastasiou, Senatore, Zheng arXiv:2212.07421 (‘ TR )
L 4 ; a0 N—-1 N—-1
1 . 2 1.2 2 : .
eyl DeCOmpO.Se Plln Ir}to Sum.Of Pﬁt(k) - 1.2 + Z O{nf(k ?kpeak,n? kUV,nv ln, jn) - Z anf’fl(kQ)
T T T predetermined basis functions + Koo n=l —

Calculate the loops for each
QE combination of basis functions,
obtaining tensors

Contract the tensors with the

n cosmology-dependent
coefficients




Calculating the loop integrals — new method (this talk)

-
3

Analytic decomposition FO2 R Ry ) = ((f;/jn) -
w/ Anastasiou, Senatore, Zheng arXiv:2212.07421 (1 + —,,,—)

Decompose Pj;,, into sum of
predetermined basis functions

Calculate the loops for each
combination of basis functions,
obtaining tensors

Contract the tensors with the
cosmology-dependent
coefficients

N—-1 N—-1
Q0 .
Pﬁt(k) - H——kQ + Z (lfnf(kQ, kf)eak,n? k%\/m? lnﬂjn) - Z anfﬂ(k2)

2 — _
'lfUV,O n=1 n=>0

|k - q|2-r11q2-n,2

LB '?ll,dl,'ﬂ,g,dg,/fg,i?\-'fl?i?\-'fg E/ . , . .
( )= ], U= gl + M (2 + M)

32



Calculating the loop integrals — new method (this talk)

-
3

CEN

(k2/k3)'

Analytic decomposition 2 o ki) =
w/ Anastasiou, Senatore, Zheng arXiv:2212.07421 (“

Decompose Pj;,, into sum of
predetermined basis functions

Calculate the loops for each
combination of basis functions,
obtaining tensors

Contract the tensors with the
cosmology-dependent
coefficients

N—-1 N-1
Qo .
Pre(k) = H—;g + Z an f (K, kgeak,nv k%v,nﬂ ins jn) = Z i [ (K?)
n=0

kQ

Uv,0 n=1

|k . qlﬁnlq?ng

Lp(ny,dy,ny,do, k?*, My, M E/
B( 1,41, 762,42 1 2) q(|k—q|2+Ml)d1(q2+Mz)d2

Works well for 1-loop power spectrum and 1-loop bispectrum

16 basis functions required (matrices are much more amenable)

Differential equation techniques can be used for 2-loop power spectrum (see Samuel’s

talk yesterday)

Parameter inference using this method with full 1-loop bispectrum in real data has
already been done (see D’Amico et al. arXiv:2206:08327)

33
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First step: one must have a decent fit

Analytic decomposition
w/ Anastasiou, Senatore, Zheng
arXiv:2212.07421
- :
- Decompose Pj;;,, into sum of
1 1 | . . .
T T T predetermined basis functions
o N—-1 N-1
Pﬁt(k) = —OkQ + Z anf(k27 kgeak,nﬂ k%\/,nvinajn) = Z anfn(kQ)
I+ kv o n=1 n=0
(W/h3)’

f(kgq I“":]:f"un.k“ k%f\-"’ i, ]) =

('[L.ka'z )‘z J
(1 i)
uv

100

0.04¢
0.02¢
0.00¢
~ —0.02¢

—0.04¢

AP/P

T
b
t‘l
‘I.
L
1
.

aaaa
r

0.001

| T W T |
0.005 0.010

L T W T |
0.050 0.100

k [h/Mpc]
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Next: Loop integral computation
strategy

Calculate the loops for each
gi combination of basis functions,

obtaining tensors

JGoal: general expression for
L(ny.di,no.dy,ng. ds, ]i?%,_ 1{:3 ,_ l{r%, My, Moy, M3) =

/ ‘kl . q‘?nlq?ng ‘kg s q‘Qng
o (k1 —q|? + My)%(q? + M) (ko + q|? + M3)ds

AStrategy:
= |[BP to get master integrals (triangle, bubble, tadpole)
= Evaluate master integrals

JKey differences with QCD:

= 3d instead of 4d — simpler integrals
= Complex masses in general — need to be careful with branch cuts

35



Bubble master integral

* Integral given by

Bmaster(k;2; Aflaj\/j2) — /

dq 1

m3/2 (¢> + M) (|k — q|? + M)

Use Schwinger parametrization

i:/‘ ds(1+ i) exp(iA(1 + ie)s)
Ay

36




Bubble master integral

* Integral given by

d3q | Use Schwinger parametrization
2 /] / — i = - 8 1€) exp(e 1€)8
Bmaster(k ;Afla ]\/[2) / 7T3/2 (QQ n Afl)(“{f — q|2 n Afg) A —/0 ds(1 +i€) exp(iA(1 + i€)s)

e Calculation depends on relative sign of the imaginary part
of the masses

1
1 —x) E2 4+ Mz + Ms(1 — x)

1
i > = ﬁ[ dx
Same sign Jo S
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Bubble master integral

* Integral given by

dq 1
/2 (¢* + My)(|k — q* + Ma)

e Calculation depends on relative sign of the imaginary part
of the masses

Bmaster(kQ: Mla MQ) — /

1
Same sign 2 :ﬁfo dx

Use Schwinger parametrization

T :/O ds(1 +ie) exp(tA(1 + i€)s)

1

B master (if 2 ) ]\[1 s M- 2 ) =

% [ilog (%/:B(l —a) +mz +ma(l =) +i(my —my =22 + UH

— discontinuities ,

r=1

=0

V(1 —x)k? 4+ Mz + Ma(1 — z)

mi = Ml/kQ mo — Mz/k2

Numerically tricky to evaluate: how to

know the branch cut was crossed?

38



Bubble master integral — branch cuts

(K2, My, M) =

=1
Llog(z\/ (1 —x) 4+ myx+ma(l — 1?)+i(m1—m..2—2113+1)>] ;
r=

Braster
il
ke

— discontinuities .

* Define argumentof thelog  A(z,my,mo) = 2v/2(1 — ) + mix + mo(l — ) +i(my —my — 22 + 1)

39



Bubble master integral — branch cuts

Bmaster (kg s ]‘Il ) J\IQ) =

\f [ﬂog (2\/m(1 — )+ myx +ma(l =) +i(my —my — 22 + ”)]

r=1

=0

— discontinuities .

* Define argument of thelog ~ A(z,my,m2) = 2v/2(1 — ) + mix + mo(l — ) +i(my —me — 22 + 1)

pJ —
There is one branch cut
& J (A(l,ml,mz)) > 0and 3 (A(O, ml,mz)) <0 |
AR(my ), R(ms)) >0
2 a5 VT _ ~
Braster (K%, My, Ma) = T'a.[log (A(1,my,mo)) — log (A(0,mq,ms)) S KBRCAK K
) S= s ~
= .
—2miH (Im A(1,my, mo))H(—TIm A(0, my, ma))] \—\
—1F A(R(m),R(ma)) <0 |
* For opposite sign, the exact same expression is j’
obtained! A | e
2 -1 0 1
§R(m1)

* Extremely efficient to evaluate numerically. N



Matter power spectrum: comparison with numerical integration

1000+

100+

P22 (k)|

10%

0.1¢

P — P>, analytical :

. P> numerical

0.010¢

0.005¢

0.000¢
—0.005¢
—0.010¢

APy /P2

0,050 0.100
k [h/Mpc]

0.005 0.010

7 0.500

|P13(k)|

ol — P15 analytical |

. Pj3 numerical |

0.005 0.010

0,050 0.100
k [h/Mpc]

" 0.500
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|Pa2o (k)|

Matter power spectrum: comparison with numerical integration

10%)
1000+
100+

10}

= Plin -
..... P> analytical

« P> numerical

|Py3(k)]

o
p—
=

(s
—

>

104t
5000¢f

100+
50¢

0.0015;

0.0010¢
0.0005¢
0.0000}

1000+
500+

----- P35 analytical -

. Pj3 numerical |

Excellent agreement, method works!




Triangle master integral

* Integral given by

Tmaster(k'%; k%j k%j M, My, M) = Use Schwinger parametrization
1

/ d3q 1 szooodsexp(—/—ls)

/2 (¢ + M) (k1 — q? + M) (|ka + q|? + Ms)
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Triangle master integral

* Integral given by

Tm%te][.(,lg%j k%, k%a My, Mo, M3) = Use Schwinger parametrization
1 o0
/ d?»q 1 1= ./0 dsexp(—As)

/2 (q* + M)([k1 — q? + M2)(|k2 + q|? + M)

e Calculation depends on relative sign of the imaginary part
or of the real part of the masses.

* Choosing masses with positive real part dramatically
simplifies the derivation

44



Triangle master integral

* Integral given by

Tmaster(k%, k%, k%a My, Mo, M3) = Use Schwinger parametrization
1 oC
/ d?’q 1 E:/D ds exp(—As)

/2 (¢ + M) (|k1 — qf> + M) (k2 + q|* + M3)

e Calculation depends on relative sign of the imaginary part
or of the real part of the masses.

* Choosing masses with positive real part dramatically
simplifies the derivation

* Parameters are functions
of kinematics and masses

Tnaster = [ClF‘int(R% Rty Z—s .’l?+) + CQFint(RQJ Ry 2— x—)]gi(l)

1
VEa@ — =)@ — =) (@ - a0)

1
Fint(R2, 24,2, 20) = ?/ da
0
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Triangle master integral

* Integral given by

Tmaster(k'%; k%, k%, My, Mo, M3) = Use Schwinger parametrization
1

/ d3q 1 ZZ/Ooodsexp(—As)

/2 (¢ + My) (k1 — q? + Mo)(|k2 + q|> + M)

 Calculation depends on relative sign of the imaginary part
or of the real part of the masses.

* Choosing masses with positive real part dramatically
simplifies the derivation

B y=1| * Parameters are functions
Tmaster — [ClFint(R27 By Z—s -T—I—) + C2Fiﬂt(R27 Ry 2y £E_>]y:0 of kinematics and masses

1
VEa@ — =)@ — 2 )(z - )

r—1
. Var—zyio—z_ | |
JT arctan ( VT0—2 4\ T—2_

\/‘}-?2| V2T — 24/ x0 — 2=

1
Fint(R2, 24,2, 20) = ?/ da
0

— discontinuities

‘ Fint(RQ:Z—{—:Z—::BU) — '9(Z+:_Z—)

z=0 Numerically tricky to evaluate: how to

know the branch cut was crossed?



Triangle master integral

Vab = s(a,b)v/avb

r=1

arctan \/;\+ _f'\/‘r“_f—
; ﬁ \/¢1-0_~+\/gr—~_ . . el
Fint(Ro, 24, 2, w0) = s(24,—2_) — discontinuities
VIRa|  VTo— 2410 — 2=
r=0
* Arctan branch cut structure * Define argument of arctan A(z, 24,2, 20) = VEr T AT A
VT — 247 — %

lim arctan(x i) — arctan(zi —€) =7, |z| > 1
e—0

lim arctan(z i + €) — arctan(z i — €) = z Czl =1
e—0 2

 Branch cut when A% < —1, which describes
an arc.
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Triangle master integral Vab = s(a,b)vavh

r=1
Zzy —a\/To—2—
Jr  arctan (j_r;“_h;/\/";_ﬁ )
Fint(Ro, 2z, 2_,xg) = s(z4,—2_) - — discontinuities
\;‘|R2| \/J-[]—/.._F\/;L(}—,;_
=0
. Z4 — B/ Ty — Z—
e Arctan branch cut structure * Define argument of arctan  A(z, z4, 2—,20) = jmz Z\/\/g -
/7 — 2
lir% arctan(xi) — arctan(zi —e€) =m, |z| > 1 e
e—
™
lim arctan(z i + €) — arctan(zi —e) = =, |z| =1
e—0 2 i
2— .
 Branch cut when A% < —1, which describes : o
Z .
an arc. o R
. . . . . . N
* Crossing if arc intersects integration region. 5 O T | = Branch cut
_ | === Integration region
—2
7 Z_
—4t L
-2 0 2 4 6

R(2) 48



Triangle master integral

Vab = s(a,b)v/avb

ﬁ arctan (

Vit—x\/To—2_ r=1
VI0—24/T—2—

Fint(Ro, 2o, 2, x9) = s(2y, —2_)
| V[ R2]

V0 — Z4/T0 — 2=

=0

— discontinuities

Arctan branch cut structure

lim arctan(x i) — arctan(zi —€) =7, |z| > 1
e—0

lim arctan(z i + €) — arctan(z i — €) = g Czl =1

e—0

Branch cut when 4% < —1, which describes
an arc.
Crossing if arc intersects integration region.

Possible to know where are the crossings
only from values of xy,z_,and z_ !

. . . dA
Direction of crossing depends on SRE

Can be numerically implemented

Define argument of arctan A(z, z4, z—, x0)

AF

_2f

Lo

IOI‘IZI

R R

Vo — 247 — 2Z

| = Branch cut

| === Integration region
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Matter bispectrum: ol
comparison with numerical 10|
Integration S 10 U
S * —— Biree Y mjé " —— Bue :
103 -" ] ] C .‘ . ]
* B,,, matches well within 1% : B analytical 10% Bl analytical
1000* .1 [ 7 . ]
« B>y numerical 1000} «  B'3y numerical |
. S - 0.010F S T
* Other diagrams are even better & oo 3 000
Ao 1 2 _ooos
St Y Beeort
* We can now make parameter inference ~98%05 0,010 0.050 0.100 0.500 0.005 0.010 0.050 0.100 0.500
. k [h/Mpc] k [h/Mpc]
using 1-loop power spectrum and : — . —
bispectrum because the computation of 1ot
the loop corrections is extremely fast.
< 10%
100y — Bire - . N\
E Bay1 analytical B"31 analytical
! s  Bayq numerical « By, numerical |
- 0_004'=HH —————+ + +——t 5 - + +—t
o 0.002 E 00010
= 0.000¢ = 00005
w —0.002F =" 0.0000}
< _0.004f . . . 1 231 —-0.0005} . . . E
0.005 0.010 0.050 0.100 0.500 0.0050.010 0.0500.100 0.500

k [h/Mpc] k [h/Mpc]



Results from real data analysis



Results using this method with BOSS

Py
BN P, + B} + Blree
I Planck

072+
0.70 |
< 0681 |
0.66 |-
0.64 |-

1.0

09}

Og

08F |

0.7

1 1 1 1 1 1
0.30 0.34 0.38 0.65 0.70 0.7 08 09 1.0
Qm h Jg

D’Amico, Donath, Lewandowski, Senatore, Zhang arXiv:2206.08327



Results using this method with BOSS

- P
B P+ By + BYee

Bl Planck local (P) - fr£7.2_152
f,= —30%29
local (P+B) - —
072
fn=126x72
0.70 |/ orthogonal (P+B) - ———
< 0681 |
066 TN | fo =2+ 212
0.64 L 1 equilateral (P+B) - :
o T T 200 -100 O 100 200
0‘9 i y B . /.__,.--' .y . | fr”‘
S 08| i D’Amico, Lewandowski, Senatore, Zhang arXiv:2201.11518
0.7 .

07 08 09 1.0

D’Amico, Donath, Lewandowski, Senatore, Zhang arXiv:2206.08327 >



Results using this method with BOSS

W
BN P, + B} + Blree

B Planck local (P) - frizz_iSZ
fy=—30%29
local (P+B) - ——
0.72
i fa=126%£72
070 | orthogonal (P+B) - —_—
< 0681 |
0.66 |- . gfn|=21212
0.64 | equilateral (P+B) - :
Lo : 200 -100 O 100 200
0.9} - fm‘
S 0.8 - i D’Amico, Lewandowski, Senatore, Zhang arXiv:2201.11518
0.7 -
The perspectives using this new method

in future surveys are very optimistic!

D’Amico, Donath, Lewandowski, Senatore, Zhang arXiv:2206.08327



All N-point functions at 1-loop

Using a result from van Neerven and Vermaseren (1984)



One-loop integrals for all N-point functions in the EFTofLSS

Example: one-loop box integral

1 y
Iy = /qu Ai = (¢ +pi)” + M, pi = Km
A1 A2 A3 Ay ﬂ;
One can prove the following identity in 3d
_ 1 o _ |
9, _ = o (. D _

A4+ 57 - ; — Il (A, — A
_l /qu 4 Zg?‘]_l (p )04) J( ] 4) _~_ O(E)

A1 As Az Ay



One-loop integrals for all N-point functions in the EFTOfLSS

Example: one-loop box integral

1 2
I4E/dD A = - M, D; = k
One can prove the following identity in 3d
_ s . 1
9, o (. D _
2104 9 z-;l (pz 104) sz (pj 94) /d q A1A2A3A4
1 [ 5 2A4+ Z?}jzl (pi — pa) Hij (Aj — Ay)
=3 / 4 A A A A +O

LHS: box integral, RHS: 4 triangle integrals!

This procedure can be done for all N-point functions if N>3
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One-loop integrals for all N-point functions in the EFTOfLSS

Example: one-loop box integral

1 2 Vi
I E dD A. — . . p. p— k
C
1 < 1
_ _ E { o (A D _
2/04 9 “~ (pz 104) sz (pj )04) /d q A1A2A3A4
L[ o 24043070 (o= pa) T (Aj — Ay)
3 / g A Ao Ao Al +01(e)

LHS: box integral, RHS: 4 triangle integrals!

This procedure can be done for all N-point functions if N>3
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Conclusions

108 108
* A new fast method to calculate 1-loop L
corrections in the EFTofLSS was found B N B
810 ‘ =109 ‘
. . . . 8 s Bl:ree 5 10 e Bl:ree 3
e Uses QFT-like integrals with massive propagators B analytical ol By, analytical ]
H 1000¢7 numerica ’ . 1151 numerica
* Overcomes problems of previous FFTLog method il IS O S mmerical
) (:'(:1 ::_ E;ﬁoos
* Was already used in real data with good results 4 oor
. . . . _0'8_2005 0.010 0.050 0.100 0.500 - 0.005 0.010 0.050 0.100 0.500
* Developed just in time for larger surveys data analysis k vpe Etipe
108 10
* Open roads = N E——
* Extend formalism to 2-loops (e.g., using DE o e N AN
. v Buyy analytical 4 83, analytical
formallsm) oo s Byyy numerical . ( s B"3; numerical
e Include higher-order N-point functions in the analysis < oo 3
<1 —0.0 & —0.0005
—we haVe the tEChan Uel ug.ﬂruos 0.010 0.050 0.100 0500 0.0050.010 0.0500.100 0.500
k [h/Mpc] k [h/Mpc]
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Thank you!

Happy to take questions!



UV correction

* To match numerical integration with enough precision, one needs to compensate for the part of the
integral outside the limit of integration

k2
m’%\%),?; _/ dQy lim ¢° 6F3(q, —q. k) fi(qg*) < (q_2
| 2

q—r 00

/OO dq m(rg)
oy (271')3 UV,

PYY = Py, MY -

* Then this is subtracted from the estimate of P;3

A[l(}\?)z

)
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Proof of discontinuities of bubble master

 The important lemma is the following:
dA mi1 —meo —2x + 1

dA _ — 2
dr  \/x(mi —my—x+ 1) +mo

mi —mo —2x+1—20 \/ r(my —mo—2x+ 1)+ my

Var(my —mo —x+1) +mg
A(x,my,mo)

—

\/ r(my—mo—2x+1)+mo
it

\/ iI?('ﬂ’l-l — my — T + 1) T M2 |
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Bubble master: opposite imaginary part sign

1 1
27« dx
Bmas er kQ;A[h]\[Q — \/E |
er ) ( 0 V(1 —2)k2 + MyZ + Mo(1 —
/ dx m
i = B)k2+ Mid + My(1 —2) K

* The result can then be shown to be equal to the case where the
masses have the same imaginary part sign



Measurement of cosmological parameters using 1-loop power spectrum

(1n(1010A = 2.72 (Q,,) = 0.309 (h) = 0.685
+0.13 (5 fﬁ) +0.010 (*0010) 3 022 (10023

Fmax = 0.2

(In(101°A4, B = 2.79 Q) = 0.309
+0.12 (7513) +0.009 (F57000)

2.5 3.0 3.5 0.25 0.30 0.35 0.6 0.7 0.8

In (10'04,) 2 h

D’Amico, Gleyzes, Kokron, Markovic, Senatore, Zhang, Beutler, Gil-Marin 1909.05271 o
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