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Introducing the axion and Axion-Like-Particles

Axions are light pseudo-Goldstone Bosons
suggesting a very high new effective scale f,

1012GeV

mg = 6 peV X 7

Motivation
— Elegantly solves the Strong CP problem;
— and the Dark Matter problem

ALPs are a generalization of the axion, where the relation between m, and f, is relaxed
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Chiral Perturbation Theory + a

Light-meson interactions can be organized with a well-defined

power counting: Chiral Perturbation Theory

ChPT is an EFT based on global chiral symmetries of QCD

Generalization to ChPT + a, by including a dynamical axion (ceorg, kapian & Randall, pL8 (1986)]
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Fundamental couplings of the axion to
light quarks
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Chiral Perturbation Theory + a

Light-meson interactions can be organized with a well-defined
power counting: Chiral Perturbation Theory

ChPT is an EFT based on global chiral symmetries of QCD

Generalization to ChPT + a, by including a dynamical axion [Georgi, Kaplan & Randall, PLB (1986)]
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U = rfield Vectorial and axial currents,
functions of the meson fields



hh + Invisible decays

K - nma and K — uua

This formalism allows the computation of these mesonic decays
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Such approach would provide novel probes for the axion through its
direct couplings, (ky )23 and (k4)23, to the d & s quarks



hh + inv — Advantages
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— Experimentally, hTh™ is a clean trigger;
— at LHCb, K will often decay within the detector’s volume;
— the K™ mode’s lead experiment is NA62



Identifying the signal

— The decays’ branching ratios are proportional to the (k4),3 coupling (complex)

— Inan actual search, the signal is a reconstructed hh momentum (p,,;5) + a missing momentum (P)

- Overall momentum squared: (p,;s + P)? = m%
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Pending an actual search, we identify the dominant backgrounds
to infer the signals’ sensitivities



Sensitivity estimate

Dedicated searches are missing for Missing FoM (reference) for the sensitivity
most of these decays one can achieve on these searches

However, we may obtain reference values from the uncertainty on the dominant
backgrounds for each decay channel

We call such inference Sz : Seff = \/(0.05 X Brkg)? + g

Underlying idea: a signal must be contained within this background uncertainty

This approach is expected to produce “conservative” sensitivities



Sensitivity estimate

For each decay, we distinguish two situations depending on the ALP’s mass

mg, < mg mg = mg

y-like background m-like background

Two reference cases for the background

In addition:
— Decays of K}, provide a background, adding an acceptance factor Ag, ~ 1073

— u < 1 mis-ID gives rise to additional backgrounds o ¢&,; ~ 1072 (at LHCb)



Sensitivity estimate

Example of the K¢ & u*u~a channel (m, = m, )

Possiblesources: K¢ — utun’ & K, »ntn n°
| | | BKp—atr %) = (12.5440.05) x 102
B(Kg s ptp 7% = (28513) %107 A 2
) Kj, Eum

@ El:> Serr =~ 1.3x107°
Seff ~1.5x107° e

Seff =2.0x107°




Results

Ses s Provides an estimate of the sensitivity achievable through a dedicated search

&> The relation By, S S.rf allows to bound the coupling-over-f; ratio

Our 3 decays, collectively, constrain Re, Im, and abs(k4),3

Mg < My Mg = My
Re[(ka)2a Im|(ka)23 [(ka)23| | Re[(ka)2a]| Im|(ka)23 ka)2a
Channel ~ [RelGsamall limiGakall (ko) baaall Limlea)zl] (gl
Kg— ptp~a 48 5.7
Ko ntna 3.0 1.0 37 0.57
Kt 5 atnl% 0.018 2.6

Table 1: Constraints on the ratio of coupling to f,, in units of 1073 TeV~!, from Eq. (30).
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Results

Ses s Provides an estimate of the sensitivity achievable through a dedicated search

&> The relation By, S S.rf allows to bound the coupling-over-f; ratio

Our 3 decays, collectively, constrain Re, Im, and abs(k4),3

Ma < My Mg = My
Channel L'ifﬂ%f_m‘u Jl_mli:’rffMJJ l(k?zzal I“ﬂ[(}f:)m]l J'_Y"J_(’]Efl%_l_l Kﬂﬁ}z_s_l
Kg— ptp~a 48 5.7
Ks - ntra 3.0 1.0 3.7
K+t 5 atnla 2.6

Table 1: Constraints on the ratio of coupling to f,, in units of 1073 TeV~!, from Eq. (30).

10



T+ +.-0

102
..................................................................................... l.()“
10" =
ﬂ()l
1072 \ﬁof‘
102
10-4 0
6 , ,
10 10 10—4 102 10" 102
Re(kA)za

Constraints of the couplingsin the Re vs.

Results

Lines of constant f, (TeV)

Lines of constant f, (TeV)
for 0(10) coupling

10°4

[
™
1ol

< .
1072

5

lo—l.

-6
1

102

Im(k,),3 plane

102 10"
Re(ka )23

11

10

)



Results

-+ +.-0
K" — 7"7°a|m,<«m,

2
L 1 — Lines of constant f, (TeV)
.................................................................................... '10‘) .
' Lines of constant f, (TeV)
109 ﬂ(ﬁ for 0(10) coupling
10? A B Limit from K* - ¥ X .
: ) . (red line)
0 ; search in Ref[arXiv:2310.16429]
" | :
0 : M <10-3 TV x 0.041 for ma < mx
| s 0.18 | for mg = m,
E Mae <K My I Mg = My
10_6 | | | : i Channel Re| !k: )23 Im/ !k: )23 !kAn!zs ’ Re| !k:[zi Im Qk:!m {kAulzz
1076 10~ 1072 10° 102 Ks— ptua 48 | 5.7
Re(ka )23 Kg - ntra 3.0 1.0 | 37 0.57
K+t 5 atnla l

Table 1: Constraints on the ratio of coupling to f,, in units of 1073 TeV ™!, from Eq. (30).
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Experimental search: K - mumu X

Ongoing project: study of the signal and its different backgrounds

We reconstruct several kinematic variables — identify which allow for great
signal/bkg discrimination

Process Reconstruction S t muX?
Kg—onrn | 7 ¢ py, T e po | (pxk —px)* | (Pk —Pry)? | (Pr; +Px)*
Ks — ppr’ e X (P — Pxo)* | (P —Puy)? | (Pus +Pw0)”
Kg — muv T py, Ve X (pxk —pv)* | (px —px)° | (Pum + pv)?
1\'—5‘ — Y Y &= X (Pl\’ = ]’7‘)2 (pl\’ — P )2 3

(p;u + [)7)




Experimental search: K - mumu X

Fast Simulation data
Dalitz plots of (some of) the backgrounds + signal (contour plot)
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Experimental search: K - mumu X

Combination of s Iw ’ Fast Simulation data
\Kﬁ T Comparison Signal/Background
Dalitz_bkg e Dalitz_sig
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Experimental search: K - mumu X

Fast Simulation data
Comparison Signal/Background
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Recap / Outlook

— We studied 2-prong + invisible decay modes of Kaons: K — mma and K — uua

— Using ChPT + a, we studied the theoretical predictions for these channels

— We defined a procedure to estimate the BR-limit reach for these channels at
available facilities

— This procedure does NOT substitute actual searches, but indicates that these
searches are very promising new ways to constrain the axion couplingS to matter

— CouplingS I:> adding or removing a pion, we can probe both vector and axial couplings.
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Probing QCD Axions or ALPs in
three-body K Decays

Thank you for your attention!



