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Minimal QCD Axion

& |t couples to Topological Charge Density:
f,=5.7%x10°GeV (eV/m,)

[Grilli, Hardly, Pardo, Villadoro “16]
A :
[Hook 21]

Coupling required to “relax” the Strong CP problem, namely:
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Minimal QCD Axion

@ It couples to Topological Charge Density:

f,=5.7x10°GeV (eV/m,)
[Grilli, Hardly, Pardo, Villadoro “16]
® 0
e =
[Hook 21]

BSM contribution to Early Universe energy budget!
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Minimal QCD Axion

a ~
‘ . . S
@ It couples to Topological Charge Density: | @ = . GG
f,=5.7x10°GeV (eV/m,) ”ﬁl
[Grilli, Pardo, Villadoro 16]
[Hook 21]

I, ~ T3/f?

~ T?/ My,
Decoupling roughly E
at the temperature: :
O(MeV) X (eV/m,)?
: >
T T



Minimal QCD Axion

A]veﬁ?’@rec. = 'Oa(ma) = i ( ; g*(TCMB) >4/3

Py Tems 7 4 g*(TD(ma))
Pion Bath Quark-Gluon Plasma
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Hot Axions from pions

[Georgi, Kaplan, Randall 86]
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Lo = Zoa (26 n'ntn — o atn — 71'071'_'_0”71'_)

aJmw

» Mlio = <faf7r>29 [s + 1%+ u? —Sm]
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Can

@® (E)~p /n ~3T =1/5s 2500MeV @ T ~ 100 MeV

G FEZNLO)

~ T8 for T > 70MeV  [bi Luzio, Martinell, Piazza *21]



Hot Axions from pIioNs

G.Villadoro @ GGl 23

eneral form of low energy axion QCD Lagrangian:

L=q (if9+ 2(:—;@6175) q—qrMuqr + h.c., M, =

/7 X

0 _ 0 : ~ 0
oua ., XPT O(M,) T = c08(0ar) Tphys + SIN(Oar) Aphys = Tphys + Gar@phys

2

@ all orders in yPT M i ik = Ogn - M_ori ik + O (

2fa”"

e.g. @ LO

5 2+t +u?—3m?
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Hot Axions from pions

B Diazza @ NP Signal 23

-

corfy(500)inI =L =0
zirt final-state interactions (FSI) are resonant

”/ ~J ChPT cannot produce resonances

p(770)in I =L = 1

®*lnverse Amp|itude Method (|A|\/|): [Truong, PRL 61, 2526 ]

AR(s)
Definite 1, J amplitudes Ap(s) =
(4)(S)/A(2)(S)

The IAM amplitude satisfies unitarity and has the correct low-energy expansion of ChPT up to @(p4)
IAM LECs from fit to zr scatt. [Dobado, Pelaez 1997]

v Phases obtained in IAM correspond to phases of zr scattering: Watson th.!
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Hot Axions from pions
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VWhy momentum-dependent Boltzmann®

Hig

[Notari, Rompineve, Villadoro 22|

L =25-10" GeV

N momenta k decouple later than low k.

ney see a lower g« —> Greater AN



Minimal QCD Axion (T < T.)
* [Bianchini, Grilli, Valli ‘23]
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Minimal QCD Axion (T < T.)
* [Bianchini, Grilli, Valli ‘23]

fa [10° GeV]
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2nd SPOILER ...

arxiv: 2207.13133

Comparison with BBN Comparison with CMB
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BBN s cCOMPETITIVE WITH CMB TO CONSTRAIN AN, ¢




BBN ERA IN ACDM

e PR
+ —

Nucleosynthesis naively at 7., ., ~ Bp =~ 2.2 MeV ... BUT:

ucl.

['(n+p— D+y) ~ngov)p,

IT(n+p<—D+y) ~ n, GXP(—BD/T;/XUV)Dy

.e., it really starts at T, ., such that: ng ~ exp(—Bp/T,,.;)



BBN ERA IN ACDM

Deuterium “bottleneck” implies 7, ., =~ 0.1 MeV. After that :

b N ~ all neutrons into helium-4

. s D (/) | 70,1010 = 117
Ce$s
G D N = =~ o
p Mg n, + n,

Baryon mass fraction In helium-4

O(10™>) residual amount of deuterium and helium-3 relative to p.

Lithium-7 “survives” in smaller relative abundance, O(10~19).



Of course ... precise BBN predictions cannot be worked out by hand!

T arXiv1806.110951

(o,m) (oY) '/,

Y; ~ ng < <0V>kz—>inkYz o <0V>zj—>szin>
THE ASTROPHYSICAL JOURNAL, Vol. 148, April 1967

ON THE SYNTHESIS OF ELEMENTS AT VERY HIGH TEMPERATURES*

ROBERT V. WAGONER, WiLLIAM A. FOWLER, AND F. HOYLE
California Institute of Technology, Pasadena, California, and Cambridge University
Recetved September 1, 1966




arXiv: 2307.0706

A new tool to investigate Big Bang Nucleosynthesis (BBN)
within the Standard Model (SM) and Beyond (BSM)

PRyMordial| The firet 3 min in O(10) gec

Anne-Katherine Burng Younger Tim Californian Me




Reason# | v Decoupling & N ¢

GO THERMAL: Approach extremely useful for BSM Physics!

200104466

3

Dark Sector

T'x

Primordial abundances
CL(t) affected in a 3-fold way:

a(T5) H,T,.,,
\ Constraint from “Planck 2018”

2.93£0.29 @ 68 %CL

Np
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n + n
P n + + n

LO: eagy-peasy in Born .. ... but finite mage effecte + Olax) correctiong relevant for precigion!

PRIMAT code offers a wondertul ab-intio computation, out takes time . .,

BLue Sworp VS Rep Sworp

WOLFRAM
MATHEMATICA12




Reacon # 3(  Nuclear Rates (6V) .1

& 0
%, °:%% - EXisting codes Implement
x(j N Y |

, 5 own recipe for O(100)
Gy N |
' N | ¢ by l rates as function of 1 ...
© o - —¢
. _ . Nature 587, 210-213 (2020)
Key reactions to study primordial 25 e
light elements are only O(10). A 1) 9 g
20 A el (2002) o
Even those vary from group to group g‘;g’?ﬂdé«ﬁ% : P il
though, unless data driven (LLINA) £ 15
£ 10
\/ 05 - D+p—=3He+~v or D(p,v)*He
- ( Laboratory for Underground Nuclear
1 - - Astrophysi
Exploring these systematics crucial, . strophysics
o 0.0
but a ready-to-use tool been missing! 0 0 100 150 200 250 300

E [keV]



PRyMordial: Overview

@ [LOVGNIEN A new package for BBN phenomenology

‘ Featuring:  — simplified, but precise, method for v decoupling
— ab-initio efficient computation of N <—>p
— a customizable up-to-date nuclear network
— several built-in options for New Fhysics

Meets precision for state-of-the-art SM predictions.
Opens up uncharted territory for BSM in BBN era.

& Uy Pyinon-based, userfriendly & numerically fast ...

Iy
\ DiffEq.jl from Sci Machine Learning kit in Juha
)



http://github.com/vallima/PRyMordial
http://github.com/vallima/PRyMordial

PRyMordial: wikiHow

fPRyM_main.py:\

Takes information
from all other
modules and
computes all the
key observables
t the end of BBN
Y,

_J ]

6 PRyMordial Public [ PRyMdemoNP.ipynb

¥ main ~

[ PRyMdemoSM.ipynb

F 1Branch | 0 Tags

[Y README.md




BBN OBSERVATIONS

~rimordial Ignt elements predicted: D, 3He, 4He, 7Li

Helium-4 observed in extragalactic Hil regions

Emisgion gpectra of gag clouds (detailed line modeling required)

Deuterium observed in Quasar absorption systems
Damped Lyman-a gpectra from intervening gag along lo.g.
x Helium-3 observed in the Solar neighborhood
Solar windg, meteoriteg, (SM ... atellar nucleogynthesia uncertainties!
Lithium-7 In the atmosphere of dwart halo stars
Phygice of convection, depletion indicators ... needs support from data

arXiv:2204.03167
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D/H x10°

SHe/H x10°
O, ¢, 00 .90, 0 D02
'LQO .OQj\ .VDO '(P(f'v?j\ .YO '(5{3\ .}0 .dgj\

TLi/H x10%°

PRyMordial: SM state-of-the-art

B nacreii flag = True [Burns, Tait, Valli 23]
B nacreii flag = False
Measurements — PDG 23

Mean + lo
0.24689(11) | 0.24680(14) | helium-4
2.459(26) 2.53(10) | deuterium
1.042(13) 1.049(89) | helium-3
5.28(54) 5.16(86) | lithium-7
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Minimal QCD Axion (T < T.)
| [Bianchini, Grilli, Valli 23]

fa [10° GeV]

00 60 30 20

Planck -+ lens + LSS + SN

m, <0.18eV @ 95 %

Cosmological bounds on QCD axion
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Minimal QCD Axion (T < T.)
| [Bianchini, Grilli, Valli 23]

fa [10° GeV]

00 60 30 20

Planck -+ lens + LSS + SN
0.11 0.22

+ BBN

Cosmological bounds on QCD axion
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CMB temperature measurements
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Minimal QCD Axion (T < T.)
| [Bianchini, Grilli, Valli 23]

fa [10° GeV]

00 60 30 20

Planck -+ lens + LSS + SN
0.11 0.22

+ BBN

+ ACT + SPT
30% improvement 0.08
with respect to m, < 0.16eV
[Notari, Rompineve, @ 95 % HDI

Cosmological bounds on QCD axion

Villadoro 23 | — —
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I’

= | d*x e™{@Q(x)G(0))

Minimal QCD Axion

1075

Semiclassical

brxxd [Moore & Tassler, 2011]
Kotov, 2018 [Quenched]
Mancha & Moore, 2022

lLorenzo Maio (Pisa U. and INFN, Pisa), Manuel Naviglio (Pisa U. and INFN, Pisa) (Aug 2, 2023)

il
[] [Quenched]
& arXiv:2305.17120
[Quenched]
P  This work [2 + 1 QCD]
RN
\\
\\§
\\\§
I E m §\
o) Pase o
@ \~\\~\
@ TS~
@ ~~§~~
:®: m ~~~~~
|Sphaleron rate of Ny = 2 41 QCD &

Claudio Bonanno (Madrid, IFT), Francesco D'Angelo (Pisa U. and INFN, Pisa), Massimo D'Elia (Pisa U.

e-Print: 2308.01287 [hep-lat]
1

1 2 3 4 5

T/T.




Minimal QCD Axion

d4x e (A (x)Q(0)) H Im {-- /lii// -

QI\/IeV < T < 600 MeV
sph ‘k| — O) Aé (T/ Tc)e [Bonanno, D’Angelo, D’Elia,

Maio, Naviglio 23]

Ao ~ 142.3 MeV, € ~ 1.81 , T, = 155 MeV

& Recipe for a (reasonably) optimistic forecast:

(1) Axion inttially ineq.: Y,(600 MeV) ~ Y 4(Tgw)
(1I') (Under)Estimate rate at non-zero momentum via:

_ A4 T € 3T
o La — d|k||k _|k|/T
“Taz ot (1) [ dikiexe(- i/

dY, F (
dt H

() Set initial condition @ Tc from: Y4 —Y,)



arXiv: 2005.05290
A cobaya

latest

INSTALLATION AND QUICKSTART

Installing cobaya
Quickstart example

Advanced example

GENERAL TOPICS AND COMPONENTS

Input and invocation
Output
Parameters and priors

Models: finer interaction with
Cobaya’s pipeline

Likelihoods

one likelihood

& Read the Docs v

he Art of Forecasts

@ / Cobaya, a code for Bayesian analysis in Cosmology O Edit on GitHub

Cobaya, a code for Bayesian analysis in Cosmology

Author:
Source:
Documentation:

Licence:

E-mail list:

Support:

Installation:

Jesus Torrado™ and Antony Lewis

Source code at GitHub

Documentation at Readthedocs

LGPL~ + bug reporting asap + arXiv'ing™ of publications using it (see
LICENCE.txt" for details and exceptions). The documentation is licensed
under the GFDL

https:/cosmocoffee.info/cobaya/~ - sign up for important bugs and release
announcements!

For general support, CosmoCoffee ~ ; for bugs and issues, use the issue
tracker

pip install cobaya —-upgrade (see the installation instructions™;in general
do not clone)

build ' canceled codecov |85% pypi v3.4.1 pypi downloads 110k

arXiv 2005.05290

Cobaya (code for bayesian analysis, and Spanish for Guinea Pig) is a framework for sampling and

statistical modelling: it allows you to explore an arbitrary prior or posterior using a range of Monte

Carlo samplers (including the advanced MCMC sampler from CosmoMC"~, and the advanced

nested sampler PolyChord ). The results of the sampling can be analysed with GetDist . It
supports MPI parallelization (and very soon HPC containerization with Docker/Shifter and

Singularity).



Cosmo Present & Future of QCD Axion

[Bianchini, Grilli, \alli 23]
' Planck-+lens+LSS-+SN
Planck-+lens+LSS+SN+BBN+ACT+SPT
SO+DESI BAO

-DESI BAO

0.05 - > m, > 0.06 prior

0.0 0.1 0.2 0.3



= [ake Home

@& Minimal QCD axion : “unavoidable” Hot Dark Matter

W/ linear Cogmology + improved yOT, we found :

| 1,< 016 eV @ 95 % probabilty

’  (CMB + L33 + BBN

@ Dromiging tuture: cogmo bound competitive w/ current agtro oneg

Crucial agpects for “what’s next” :

x <Qlx) QO)> @ the eroggover

% Cogmology in the non-linear regime



