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o Axion-like-particles are well-motivated
— They appear in UV completions (e.g. string compactifications, etc)
@ ALPs can be a sucessful DM candidate

— Produced by realignment mechanism (m, < keV)
— Thermally produced and decay (m, < keV or m, = GeV)

~

@ MeV ALPs can be produced out of equilibrium
— decay between BBN and CMB 10 s < 7 < 10'3 s
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o ALPs with effective coupling to photons £ = g—‘jfiaF w B 7
o ALP lifetime

Ll e e
N 641 1.32 x 108 s \10—12 GevV—! 10 MeV
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CMB constraints

o Energy injected into pre-recombination plasma from ALP decays
— Inject non-thermalized photons cause anisotropies in the CMB

dry _ 15 mana(OT°

dt  4n2 Ta HOTy
— Variations on Neg = Negppn(T)/T5)*(11/4)4/3
— Variations on n, = m, BeN(Ty,B8BN/TH )B(G()/CLBBN)?’

@ Spectral distortions on the CMB caused by ALP decayb
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Primordial nucleosynthesis

o ALPs decay after BBN ~~ vanilla nucleosynthesis (ACDM)
Injected ~ spectrum causes photodisintegration

dY
= Z/ dEf’y Y Ojy—N — YN 0’N’y—>]) )

o Measurements of relevant abundances

D/H = (2.547 £ 0.025) x 107°
3He/D < 1.03 (95% CL)
Y, = 0.245 4 0.003
"Li/H = (1.6 +0.3) x 10710

e Likelihood computation

—2InL = f(P,0)C~L f(P,0)T + (2m)™ det(C),
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Astrophysical constraints
o SN1987A
— Modified photon fluence from ALP decays, with mean distance

64 E2
t=— 7T3 —5 1
GaryMq my

® Rgc = Nup/Nras
— ALPs carry out energy from stellar interiors affecting their evolution

Rae & 0.022 — 0.443(1 + 0.965|ga|) /2 + 7.331Ygc
Other

e Baryon Accoustic Oscillations (BOSS DR12)
e Type IA supernovea (Pantheon)

Neutron lifetime (bottle measurement)

e Nuisance parameters
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Model parameter Scan range

ALP mass Mq [0.001, 200] MeV
ALP lifetime Ta [10%, 1013] s
ALP abundance I3 [10—12, 102
Baryon abundance wp [0.020, 0.024]

Dark matter abundance WDM [0.10, 0.13]

Hubble constant Hj (62, 74] km s~!Mpc!
Redshift of reionisation Zreio [4.5, 9.5]
Primordial curvature In(101°A4;) [2.9, 3.2]

Scalar spectral index s [0.9, 1.1]
Neutron lifetime T [875, 895] s
Planck nuisance parameter Aplanck [0.9, 1.1]
Pantheon nuisance parameter M [—20, —18]
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GAMBIT: The Global And Modular BSM Inference Tool

gambit.hepforge.org github.com/GambitBSM EPJC 77 (2017) 784 arXiv:1705.07908

Extensive model database, beyond SUSY
Fast definition of new datasets, theories
Extensive observable/data libraries
Plug&play scanning/physics/likelihood
packages

Various statistical options
(frequentist /Bayesian)
Fast LHC likelihood calculator
Massively parallel

Fully open-source

Recent collaborators: VV Ananyev, P Athron, N Avis-Kozar, C
Members of: ATLAS, Belle-Il, CLiC, CMS, Baldzs, A Beniwal, S Bloor, LL Braseth, T Bringmann, A Buckley, J
CTA, Fermi-LAT, DARWIN, IceCube, LHCb, SHiP, XENON Butterworth, J-E Camargo-Molina, C Chang, M Chrzaszcz, J
Authors of: BubbleProfiler, Capt'n General, Contur, Conrad, J Cornell, M Danninger, J Edsjo, T Emken, A Fowlie, T
DarkAges, DarkSUSY, DDCalc, DirectDM, Diver, Gonzalo, W Handley, J Harz, S Hoof, F Kahlhoefer, A Kvellestad,
EasyScanHEP, ExoCLASS, FlexibleSUSY, gamLike, GM2Calc, M Lecroq, P Jackson, D Jacob, C Lin, FN Mahmoudi, G Martinez,

? . H Pacey, MT Prim, T Procter, F Rajec, A Raklev, JJ Renk, R Ruiz, A
H‘EPlee, IsaTools, MARTY, nuLike, PhaseTracer, EolyChord, Scaffidi, P Scott, N Serra, P Stécker, W. Su, J Van den Abeele, A
Rivet, SOFTSUSY, Superlso, SUSY-AI, xsec, Vevacious, Vincent, C Weniger, A Woodcock, M White, Y Zhang ++
WIMPSim ’ ! . .

80+ participants in many experiments and numerous major theory codes
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SAMBIT: Commoli
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e Improved fit to observations

o ACDM within 10 of ALP model
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. ] o Bayesian results

Primakoff prior  §

107"

= Box prior

10 see ] o Two priors: box and
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e Summary
— Explored ALPs in range keV < m, < 100 MeV
— ALPs decay between BBN and recombination 10* s < 7 < 10*3s
— Non thermal abundance relaxes cosmological constraints & < 102

e Conclusions

Confirmed that cosmological constraints cannot constrain window
ALP decays cause photodisintegration of light elements

Fits better D/H abundance (< 1o excess in frequentist results)
Bayesian results show preference for ACDM

Not able to fit 7Li result (mostly due to SD)

COBE/FIRAS results (20 year old) very constraining

Future mission PIXIE promise much stronger constraints and
discovery potential

e Outlook

— ALP-electron and ALP-hadron couplings unexplored
— Possible solution to “Li problem

1 1 | D
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o Bayesian evidence (marginal likelihood)

Z- /EwdQ — (L)

™

@ Posterior distribution
L
P=—
Z

e Kullback—Leibler divergence (Occam’s penalty)

Dkr1, = /‘PlnpdG = <lnp>
™ ™/ p
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Reaction Ei, [MeV] Reaction Eiy, [MeV]

D+~v—n+p 2.22 SLi 4+~ — *He +n +p 3.70
SH4+~v—D+n 6.26 SLi + v — 3H + 3He 15.79
SH+~y—2n+p 8.48 Ti 4+ v — 3H + “He 2.47
SHe + v —= D +p 5.49 Li+y—SLi+n 7.25
SHe + v —n + 2p 7.12 "Li+~v— %He+ 2n +p 10.95
‘He + vy = 3H + p 19.81 "Be 4+ v — 3He + *He 1.59
4He + v — *He + n 20.58 "Be + v — OLi+p 5.61
4He + v — 2D 23.84 "Be + v — *He+ n + 2p 9.30
‘He+~v—-D+n+p 26.07
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o Combine all constraints into a composite likelihood

L= £Collider['HiggsﬁDM['Fla'uour cee

o Perform an extensive parameter scan
— 0Old-school sampling methods (random,
grid) are inefficient
0.0 =
000 025 050 0.75 1.00

)

o
®

o
o

o
S

— Harder to make statement about statistics

Model parameter y

o
)

— Need smart sampling strategies

(differential, nested, genetic,. . .) Modolparameter x

Better choice — combine like

— Rigorous statistical interpretation
(frequentist /Bayesian)

o Goodness-of-fit

e Parameter estimation >
: 0
e Model comparison 000 025 050 075 100

Model parameter x

[arXiv:2012.09874 [hep-ph]]
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o Physics Modules

— ColliderBit: collider searches [Eur.Phys.J. C77 (2017) no.11, 795]
— DarkBit: relic density, dd,. .. [Eur.Phys.J. C77 (2017) no.12, 831]
— FlavBit: flavour observables [Eur.Phys.J. C77 (2017) mo.11, 786]
— SpeCBit: spectra, RGE running [Eur.Phys.J. C78 (2018) no.1, 22]
— DecayBit: decay widths [Eur.Phys.J. C78 (2018) no.1, 22]
— PrecisionBit: precision tests [Eur.Phys.J. C78 (2018) no.1, 22]
— NeutrinoBit: neutrino likelihoods [Eur.Phys.J.C 80 (2020) no.6, 569]
— CosmoBit: cosmological constraints [JCAP 02 (2021) 022]

o ScannerBit : stats and sampling [Eur.Phys.J. C77 (2017) no.11, 761]
— Diver, GreAT, Multinest, Polychord, ...

@ Models: hierarchical model database

e Core : dependency resolution [Eur.Phys.J. C78 (2018) no.2, 98]

o Backends : External tools to calculate observables

e GUM.: Autogeneration of code [S. Bloor, TG, P. Scott et. al., soon]

T. Gonzalo ( Cosmo ALPs
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Higgs-portal DM MSSM-EW Right-Handed Neutrinos
[Eur.Phys.J.C 79 (2019) 1, 38] [Eur.Phys.J.C 79 (2019) 5, 395] [Eur.Phys.J.C 80 (2020) 6, 569]
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[arXiv:2006.03489 hep-phl] [arXiv:2007.05517 astro-ph.CO0] [arXiv:2009.03287 astro-ph.C0]
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ke Higgs mass with theoretical uncertainties
#de PABILITY prec_mh
START_CAPABILITY

o Each module contains a collection
Of module functions #define FUNCTION FH_HiggsMass

START_FUNCTTON( triplet<double>)
DEPENDENCY(unimproved_MSSM_spectrum, Spectrum)

o q DEPENDENCY(FH_HiggsMasses, fh_HiggsMassobs)
o Module funct]ons prov]de a ALLOW_MODELS (MSSM63atQ, MSSM63atMGUT)
#undef FUNCTION
capability e —

START_FUNCTION(triplet<double>)
DEPENDENCY (unimproved_MSSM_spectrum, Spectrum)
BACKEND_REQ(SUSYHD_MHiggs, (), MReal, (const MList<MReal>&))

(] They have dependencies a,nd BACKEND_REQ(SUSYHD_DeltaMHiggs, (), MReal, (const MList<MReal>&))
ALLOW_MODELS (MSSM63atQ, MSSM63atMGUT)
backend requirements

#undef FUNCTION

#undef CAPABILITY

o Allowed for specific models
@ At run time a dependency tree is generated and resolved

Gonzalo (KI mo ALPs
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o Extensive model database

CMSSM Scalar Singlet ACDM SM
NUHM1,2 Fermionic Singlet AN RH neutrinos
MSSM63atQ Vector Singlet Power-law wC

Axions inflation nuisance models

o Parent-daughter hierarchy

@ Module functions are activated for each model

StandardModel_SLHA2
(mh car_params n\)<—(um lear_params_sigma0_sigr ‘.‘\)4—( welear_params_sigmas ~|,H.D iQ MSSM10batQ
(~ andardModel_Higgs_ru ‘m.;}—(mmm\wc ,m;;) MSSM2 mu;.—/(\m\\\Amo).—(\muumu \meo).—(\]\\\wmoj

WC //{\1\\\[;",m}—(\l\\\\:iuu (\[\\\11 QP
(\\ss\[mo):‘—(\\xs\lw tMGL l}—(\v\\\hm\\[(,\ T NUHM2 NUHMI

SingletDM_running
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o C, Fortran ~» POSIX d1 o Mathematica ~> WSTP
o C++ ~» BOSS + POSIX d1 @ Python ~~ pybind11
CosmoBit ColliderBit
AlterBBN 2.2 CaptnGeneral 1.0 HiggsBounds 4.3.1
DarkAges 1.2.0 DDCalc 2.2.0 HiggsSignals 1.4
MontePythonLike 3.3.0 DarkSUSY 6.2.2 Pythia 8.212
MultiModeCode 2.0.0 MicrOmegas 3.6.9.2 nulike 1.0.9
classy 2.9.4 gamLike 1.0.1
plc 3.0 nulike 1.0.9

FlavBit

: SuperISO 3.6
Spocbi
FeynHiggs 2.12.0 FlexibleSUSY 2.0.1 .
SUSYHD 1.0.2 SPheno 4.0.3 DecayBit

gm2calc 1.3.0 SUSY_HIT 1.5

T. Gonzalo (KIT) Cosmo ALPs LDW 2023, 21/09/23



An example run

YAML file
\

\
\

N

\s

User requests scan

of model § using

1. capability of A2
2. capability of Bl

Physics
Modules

Module functions

(Feed upwards and
horizontally only)

Backend functions
and variables

Feed upwards only

Backends

Gonzalo (KI

Model a
Model 3
Model o

Model 4
Model €

Model Database

Module A

C1

x C3

C4

External Library C

mo ALPs

XIT
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Printers
4
'
"
ScannerBit
Core runs
1. A1
2. A2
3. B2
4. Bl
Module B

D1 D2

External Library D
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How dO I use GAMBIT wzth my 1. Add the model to the model hierarchy:

o Choose a model name, and declare any parent model
o Declare the model’s parameters

favourite model? D s wanition fameson o the parnt model
~ Adding a model EE e

~» Sorting out hierarchy = -

~» Making physics computations (

work with that model e

3. If needed, declare that existing module functions work with
the new model, or add new functions that do.

Adding a new module function is easy:

How do I add a new phyST:CCll 1. Declare the function to GAMBIT in a module's rollcall header

o Choose a capability
o Declare any backend requirements

observable or likelihood? - Dt e

- Create capabilities
~~ Declare dependencies
~~ and models
s

and backend requirements

2. Write the function as a standard C++ function
(one argument: the result)

T. Gonzalo (KIT)
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The GAMBIT Universal Model Machine
NTAS
LENERN
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o GUM interfaces LLT SARAH and FeynRules with GAMBIT
o Uses existing HEP toolchains

L
\\’ Models

FeynRules SARAH

MadGraph CachEP SPhcno Vevacious
Pytlludéi h[lc:Ol\IFCAs\ /\ /

COlllierBlt DarkBit DecayBit SpecBit

e GAMBIT-compatible outputs from GUM

Generated ontput FeynRules SARAH  Usag

CalcHEP v
mictOMEGAs (via CalcHEP) v
Pythia (via MadGraph) v v
SPhena X v it
Vevacious X v
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o Primarily written in Python, with interface to Mathematica via
Boost and WSTP

Boost WSTP
Python C++ Mathematica

o Automatically generates GAMBIT code

— Particles — particle database and parameters — Models
— Module functions for ColliderBit, DarkBit, DecayBit and SpecBit
— Writes interfaces to requested backends

o GUM will release with GAMBIT 2.0 VERY SOON
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o Majorana DM y with scalar mediator Y

cumscaner2oo, BT, o 21
o

1. 1 1 _ c _
L= Lom+ =% (i = my) x + 20uY0"Y — Smi Y2 - Dyuy — LN "y Fry.

Lo
: feynrules
1: MDMSM
1:sM =
G
3
<
=
: LDM + LSM
=
: DiagonalCKM [
S
I
1 : 52
2.0 2.5 3.0 3.5
: log,o (my/GeV)
iia: false
: true
: true

mo ALPs
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