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B factories can explore the Dark Sector

[ Y ——
QCD Axion
@ P
Mass scale
meV eV keV MeV GeV TeV 30Mo

Michael De Nuccio /




B factories can explore the Dark Sector

...and (QCD) Axion Dark Matter!
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Axion Dark Matter

»* Axions are excellent DM candidates

Pseudo-Goldstone bosons of PQ symmetry broken at high scales
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which also solves Strong CP
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* stable on cosmological scales 1/F(wa>:1012yr8<109(;ev) <i>

* Produced in early universe via misalignment, decays of topological
defects, thermal freeze-out, thermal freeze-in, ... see talk by

J. Jaeckel




Flavor-violating Axions

* Often ignored, but general axion Coupllngs are fIavor—onatmg'
, - N

a g | ~ 4 Cem 5], 8#”’_ V }
GG+ O, FFH C, .+ C: |
fa 3T " ! fa 37T 2fa fz’}/ ( * ]75) f y

\ — /

— —— e —— = —

»Ceff —

proliferates parameters, but enriches phenomemology

* Allows for axion production from decays of SM particles
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INn precision flavor factories, SN1987A and early universe

} } }

direct searches star cooling freeze-in




Theoretical Motivation

* Two possible sources of flavor-violating axion couplings

1) Tree-level misalignment of PQ charges and Yukawas |YaV/,PQ,| #0

= present in non-universal DFSZ models: couplings given by Yukawa misalignment

= predictive scenario when PQ = flavor symmetry addressing Yukawa hierarchies

e.g. PQ=FN: Cgqy~ V,s ~0.2 Calibbi, Goertz, Redigolo, RZ, Zupan *16; Ema et al *16; Wilczek ‘82
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2) SM flavor violation from RG running = Baweretar 2t = ow

Y7 ViaVisCre log ~ 105 for light axions flavor constraints weaker than star

Csq ~ ; . . . .
167 cooling constraints from diagonal couplings 2201.07805
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Axion Production 1n Flavor Factories

* Test flavor-violating couplings with SM decays + missing energy
look like meson/lepton decays with neutrino pair, but 2-body

Quarks SM background tiny BR(K — mvw) ~ 1071

Leptons SM background NUQE  BR(u — evw) =1  [but can profit from polarization]

Experimental analyses of 2-body meson decays are rare —— recast
e.g. noboundon D — ma, B — K*a, B — pa no BaBar/Belle bound on B — Ka,B — 7a

s 2-b0dy decays probe LARGE NP scales [and typically more constraining than meson mixing]
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Summary of present and future Constraints
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Summary of present and future Constraints
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Constraints from SN1987A

Best handle on axial-vector coupling to s-d from hyperon decays

Many hyperons in hot proto-neutron star formed
during core-collapse supernovae [ = 40 MeV]

Hyperon decays to axions provide extra cooling
which would have shorten observed neutrino
pulse of SN1987A: limits energy loss rate &
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L, ~ / np(ma — my)T(A = na)e” T dV < 10°%erg/s
PNS

Gives best bound on invisible hyperon decays: BR(A — na) < 5.0 x 1 09

[can do same for LFV muon decays, but weaker than lab bound]
Martin Camalich, Terol-Calvo, Tolos, RZ 20



Constraints from Cosmology

Flavor-violating SM decays produce hot axions in early universe
very light axions constrained by bounds on Dark Radiation from CMB

Leptonic FV
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Axion Dark Matter from SM Decays

* Use flavor-violating decays as main production of axion Dark Matter
LFV: 2209.03371, with P. Panci, D. Redigolo, T. Schwetz

abundance fixes decay rate: get explicit targets for exp. searches

DM Abundance
2. gives viable axion mass window
Quh® o moI'(l; — lia) X my 223 — (.12 .
fa m™" < m, < MM
/!
lab constraints &
Warm Dark Matter
DM Stability
2
[la - 1) o Mo \p o N4, e o 1 need anomaly-free PQ and light axion/
f2 12mi | ™ 10%%sec  heavy lepton/small diagonal coupling

X-ray telescopes




Explicit LFV Scenarios

* Give leptons traceless PQ charges @wo generations for simplicity)

1 rotation s, Co 0
PQ, = —1 ; C;iej :Cé;ej =|ca —Sa O

I in 1-2 plane o0l

e — T

“* Axion relic abundance dominantly arises from LFV decays (for smail 77

9 2 IR freeze-in of wy — ea Qlem
Qh2|,u—>€a, ~ 019 ( Ma ) ( 10 Gev ) < QhQ‘
20keV/ \ fo/ cosa UV freeze-in of ph —ea  35% e
IR freeze-in from LFV decays I\/Iisalignment reduced by é% (matter domination)
- : 50 60keV\ " [ fo/sina\’
% DM lifetime 7. = 10%see (50 ) (L) Warm DM bound: . > 20keV

D’Eramo, Lenoci1 ’20, Ballesteros et al 20, Decant et al ‘21
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Summary

DM Axions with flavor-violating couplings can be produced by SM decays

% in precision flavor experiments, probing decay constants up
to 1012 GeV (NA62) or 1010 GeV (Mu3e) or 108 GeV (B-factories)

% in SN1987A from decays of moderately heavy flavors, contributing
to energy loss and providing strongest bounds on hyperons decays

% in the early universe, giving observed DM abundance via freeze-in:
very simple class of DM models that can be tested at flavor factories
such as Mu3e and MEG-II [quark case in progress ]
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Flavor Constraints in the Axion Plane
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Bounds from NA62
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Flavor Anarchy vs. MFV

Flavor Anarchy Minimal Flavor Violation
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Lepton Sector Bounds

Present best limits

Process BR Limit  Decay constant Bound (GeV) Experiment
Star cooling — FA 4.6 x 10° WDs [44]
— FZ 1.3 x 108 SN1987A,, [45, 46]
4 %1077 Fe 1.4 x10%  SN1987A . (Sec. 6.1)
nw—ea 2.6 x 107°* Fhe (VorA) 4.8 x 10” Jodidio at al. [9]
nw—ea 2.5 x107%  F,. (V+ A) 4.9 x 10 Jodidio et al. [9]
[w—ea 58 x 107°*  F,. (V — A) 1.0 x 10” TWIST [10]
[ —eay 1.1 x 1079* Fle 5.1 x 108% Crystal Box [47]
T —ea 2.7 x 1073* Fr. 4.3 x 10° ARGUS [43]
T = ua 4.5 x 1073** Fr, 3.3 x 10° ARGUS [43]
Expected future sensitivities
Process BR Sens.  Decay constant  Sens. (GeV) Experiment
[—ea 72x107™  F, (VorA) 9.2 x 10? MEGII-fwd*
1w—ea 72x107%  F,. (VorA) 2.9 x 101V MEGII-fwd**
nw—ea 7.3x107%  F,. (VorA) 2.9 x 101 Mu3e [42]
T —ea 8.3 x 1070+ F. 7.7 x 107 Belle 11
T = pa 2.0 x 107>** Fyp 4.9 x 107 Belle 11

from arXiv: 2006.04795




Constraints from Meson Decays

- Experimental bounds often old or non-existent

e.g. no bound in PDGon D™ — n7a, B — K*a, B — pa

- Need to recast data for SM decays in 2-body region

Martin Camalich, Pospelov, Vuong, RZ, Zupan ‘20

K — ma D — ma B — ma B — Ka
Decay sd cu bd bs
BR(P1 — P2 + a),, 7.3 x 10~ [85] no analysis 4.9 x 107° [86] 4.9 x 10~° [86
x C; BR(Pi — P + @)recast no need 8.0 x 107° 2.3 x107° H 7.1x107° H
BR(P, = Py +1D)y, 1477030 x107'° [85] no analysis 0.8 x 107°[90] 1.6 x 10~° [90]
BR(P1 — V2o + a) 3.8 x 107° [91] no analysis no analysis no analysm
x C{i BR(P; — Va + a)e:jcast no need no data no data 5.3 x 107 q BaBar
BR(P; — Vo 4 VD) 4.3 x 107° [91] no analysis 2.8 x 107° [90] 2.7 x 10°
K — nra D — mma B — pa B — K*a
2

e.g. recast CLEO data on D — rv,7 — 7v to get bound on D* — 7ta |
Kamenik, Smith ‘11 2-body bin B




