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Abstract
Hadronic  and radiat ive  decays of  l ight  mesons prov ide  a  un ique
laboratory  to  test  low-energy  Quantum Chromodynamics and search
for  new physics  beyond the  Standard Model .  Recent  years  have
brought  advances in  theoret ica l  and exper imenta l  approaches
throughout  the  hadron and part ic le  phys ics  community .  New
exper imenta l  data  wi l l  soon offer  cr i t ica l  input  to  prec ise ly
determine e .g . ,  the  l ight  quark  mass rat ios ,  meson mix ing
parameters ,  and hadronic  contr ibut ions to  the  anomalous magnet ic
moment  of  the  muon.  The approaches prov ide  sensi t ive  probes to
test  potent ia l  new physics  inc luding searches for  h idden photons ,
l ight  Higgs scalars ,  and ax ion- l ike  par t ic les  that  are  complementary
to  wor ldwide effor ts  to  detect  new l ight  par t ic les  be low the  GeV
mass scale ,  as  wel l  as  tests  of  d iscrete  symmetry  v io lat ion.  Experts
and respect ive  communit ies  wi l l  d iscuss updates on theoret ica l
developments ,  exper imenta l  s t rategies ,  and ident i fy  fur ther
research.  

η/η′ decays into ALPs
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The Standard Model
• Matter particles (quarks and leptons) in three families and mediator particles

(bosons) of three interactions: electromagnetic, strong and weak
• Provides a consistent description of Nature’s fundamental constituents and

their interactions
• Predictions tested and confirmed by numerous experiments
• Experimental completion in 2012 (Higgs discovery)
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Beyond the Standard Model
• However, the SM fails to explain several observed phenomena in particle

physics, astrophysics and cosmology:

— Dark matter: what is the most prevalent
kind of matter in our Universe?

— Dark Energy: what drives the accelerated
expansion of the Universe?

— Neutrino masses and oscillations: why do neutrinos have mass? what makes
neutrinos disappear and then re-appear in a different form?

— Baryon asymmetry of the Universe: what mechanism created the tiny
matter-antimatter imbalance in the early Universe?

— Several anomalies in data: (g − 2)µ, B-physics anomalies, KOTO anomaly
(KL → π0νν̄), 8Be excited decay, ...
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Energy and Intensity Frontier Research

• New Physics would be needed to explain observed phenomena
• Why have not new particles yet been observed?

— Hypothetical new particles are heavy and
require even higher collision energy to be
observed ⇒ Energy Frontier research
(LHC@CERN, Tevatron@FermiLab)

— Another possibility is that our inability to
observe new particles lies not in their heavy
mass, but rather in their extremely
feeble interactions ⇒ Intensity Frontier research

Motivations for new GeV-scale forces

Whether or not you take these anomalies seriously, 
intermediate energy experiments have a unique 
capability to explore new forces beyond the SM

mass
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We don’t know in which 
direction beyond the Standard 
Model physics might be

(figure from S. Tulin)
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Dark sector physics
• Why a dark sector?

— Many open problem in particle physics, e.g. dark matter, neutrino mass
generation or anomalies in data, let us think about dark particles

• What is a dark sector particle?
— Any particle that does not interact through the SM forces (not charged under

the SM symmetries)

What is a dark sector particle?

2S.Gori

Our visible universe                The dark universe

Dark 
Matter

dark 
fermions?

Any particle that does not interact through  
the Standard Model (SM) forces.

• We live in the SM world, how can we access (and test) the dark sector?
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Dark sector portals to the Standard Model
We live in the Standard Model world, how can we access/test the dark sector?
⇒ Portal interactions with the SM, only a few are allowed by the SM symmetries

Standard Model Dark sector

Dark Sector Physics at High-Intensity Experiments 3

Objectives and structure of this report. This report summarizes the scientific importance of and
motivations for searches for dark-sector particles below the EW scale, the current status and recent progress
made in these endeavors, the landscape and major milestones motivating future exploration, and the most
promising and exciting opportunities to reach these milestones over the next decade. We summarize the
di↵erent experimental approaches and we discuss proposed experiments and their accelerator facilities. In
addition, as part of the Snowmass process, we defined three primary research areas, each with associated
ambitious—but achievable—goals for the next decade. This categorization is motivated, in part, by how we
search for DM in di↵erent scenarios. When DM is light, portals to the dark sector allow its production and
detection at accelerators (e.g., in mediator decay if the DM is lighter than half of the mediator mass, or
coupled through an o↵-shell mediator). In fact, accelerators can probe DM interaction strengths motivated
by thermal freeze-out explanations for the cosmological abundance of DM. If DM is heavier, the mediator
decays into visible SM particles. In addition to thermal DM models, visible mediators also arise in theories
that address various open problems in particle physics (e.g., the strong-CP problem, neutrino masses, and
the hierarchy problem). A third scenario is where the dark sector is richer, which can lead to decays of
the mediator to both DM and SM particles, or to other final states not considered in the standard minimal
benchmark models. Each of these research areas is discussed in detail in this report.

Theoretical Framework

The leading possible interactions between ordinary and dark-sector particles, classified below, are known
as portals. The strength of portal interactions can be naturally suppressed by symmetry reasons, and can
arise only at higher orders in perturbation theory. Figure 1 shows a schematic representation of the dark-
sector paradigm. This simple scenario where dark-sector particles only couple indirectly to ordinary matter
naturally leads to feeble interactions, and opens the door to the possibility that BSM physics may exist
below the EW scale. In fact, the mass of dark-sector particles might be naturally light if protected by some
symmetry (this is the case, e.g., for ALPs). In addition, the inherently feeble interactions of dark-sector
matter with ordinary matter provides a natural thermal-production origin for DM for the case where DM
is light, extending the well-known WIMP miracle to lower mass scales. Due to the Lee-Weinberg bound,
light mediators are generically needed if DM is at or below the GeV scale. Therefore, testing the dark-sector
hypothesis requires innovative high-intensity experiments, not necessarily high energies.

The landscape of potentially viable dark sectors is broad with many regions largely untested experimentally
and unexplored theoretically. Even so, the physics of dark sectors can be systematically studied using the
few allowed portal interactions as a guide. The gauge and Lorentz symmetries of the SM greatly restrict how
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Figure 1. Cartoon schematic of the dark-sector paradigm. The same complexity observed in ordinary
matter, as described by the Standard Model, may also be present in the dark sector. Interactions between
the Standard Model and the dark sector can arise via the so-called portal interactions.

Community Planning Exercise: Snowmass 2021

Portal
Vector
Scalar
Neutrino
Axion

Mediators
Dark photon
Dark scalar
Sterile Neutrino
Axion

Portal interactions
ϵBµνA′
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G̃µνG
µν
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A broad program of searches of dark particles
• Vigorous effort of the community proposing new experiments & measurements

Energy frontier
LHC

A broad program of searches

S.Gori

Vigorous effort of the community proposing new experiments & measurements 

The LHC Flavor-factories

Fixed target / neutrino experiments

Beam     Dump/shield            

DM/dark sectorse/p

(high intensity)

Novel search strategies are needed!

dark 
particle

p p

Unique access to dark sectors!

6

volume
Decay      Detector

Complementarity with 

direct and indirect DM

detection experiments

1. 2.

3.

Novel search strategies
are needed!

Flavor-factories
High-luminosity e+e− colliders

Unique access to dark
sectors!

Other ongoing/future
experiments

Corrado Gatto

INFN Napoli and Northern Illinois University

GHP2023
4/14/2023

Rare Eta Decays

TO Probe New Physics 

The REDTOP experiment: a h/h' factory 
to explore dark ma�er and physics 

beyond the Standard Model

REDTOP

• Plenty of dark particles can be produced from meson decays!!
Production modes

34 CHAPTER 3. PHENOMENOLOGY OF THE MASSIVE DARK PHOTON

Figure 3.1: Production of dark photons: Bremsstrahlung, Annihilation, Meson decay and Drell-Yan.

where R ⌘ �e+e�!had/�e+e�!µ+µ� .
Since all visible widths are proportional to ", the branching ratios are independent of it.
At accelerator-based experiments, several approaches can be pursued to search for dark photons

depending on the characteristics of the available beam line and the detector. These can be summarized
as follows:

- Detection of visible final states: dark photons with masses above ⇠ 1 MeV can decay to visible
final states. The detection of visible final state is a technique mostly used in beam-dump and
collider experiments, where typical signatures are expected to show up as narrow resonances
over an irreducible background. Collider experiments are typically sensitive to larger values of
" (" > 10�3) than beam dump experiments which typically cover couplings below 10�3. The
use of this technique requires high luminosity colliders or large fluxes of protons/electrons on
a dump because the dark photon detectable rate is proportional to the fourth power of the
coupling involved, "4, and so very suppressed for very feeble couplings.

The smallness of the couplings implies that the dark photons are also very long-lived (up to
0.1 sec) compared to the bulk of the SM particles. Hence: The decays to SM particles can be
optimally detected using experiments with long decay volumes followed by spectrometers with
excellent tracking systems and particle identification capabilities.

Missing momentum/energy techniques: invisible decay of dark photons can be detected in fixed-
target reactions as, for example, e�Z ! e�ZA0 (Z being the nuclei atomic number) with
A0 ! �� and � being a putative dark matter particle, by measuring the missing momentum or
missing energy carried away from the escaping invisible particle or particles. The main challenge
for this approach is the very high background rejection that must be achieved, which relies
heavily on the detector being hermetically closed and, in some cases, on the exact knowledge
of the initial and final state kinematics.

These techniques guarantee an intrinsic better sensitivity for the same luminosity than the
technique based on the detection of dark photons decaying to visible final states, as it is
independent of the probability of decays and therefore scales only as the SM-dark photon
coupling squared, "2.

- Missing mass technique:

This technique is mostly used to detect invisible particles (as DM candidates or particles with
very long lifetimes) in reactions with a well-known initial state, as for example, at e+e� collider

Decay modes 35

Figure 3.2: Decay of the massive dark photon into visible (SM leptons or hadrons) and invisible (DM)
modes

experiments using the process e+e� ! A0�, where A0 is on shell, using the single photon
trigger.

Characteristic signature is the presence of a narrow resonances emerging over a smooth back-
ground in the distribution of the missing mass.

It requires detectors with very good hermeticity that allow to detect all the other particles in
the final state. Characteristic signature of this reaction is the presence of a narrow resonance
emerging over a smooth background in the distribution of the missing mass. The main limitation
of this technique is the required knowledge of the background arising from processes in which
particles in the final state escape the apparatus without being detected.

3.0.2 Visible and invisible massive dark photon

In collecting the limits on the parameters of massive dark photon is important to distinguish two
cases accordingly on whether its mass is smaller or larger than twice the mass of the electron, the
lightest charged SM fermion.

The dark photon is visible if its mass is MA0 > 2me ' 1 MeV because it can decay into SM
charged states which leave a signature in the detectors. We discuss the limits on the visible dark
photon in section 3.1.1.

In the same regime for which MA0 > 1 MeV, however, the massive dark photon could also decay
into dark sector states if their masses are light enough. In this case we have a non-vanishing branching
ratio into invisible final states. The invisible decay into these states of the dark sector � in given by

�(A0 ! ��̄) =
1

3
↵D mA0

s
1 �

4m2
�

m2
A0

 
1 +

2m2
�

m2
A0

!
. (3.4)

Dark photons decays into this invisible channel if mA0 > 2m�; this channel dominates if ↵D � ↵"2.
Most of the experimental searches with dark photon in visible decays assume that the dark-sector

states are not kinematically accessible and the dark photon is visible only through its decay into SM
states. The limits need to be re-modulated if the branching ratio into invisible states is numerically
significant or even dominant. We discuss this case in section 3.1.2 below.

If the mass of the dark photon is less than 1 MeV, it cannot decay in any known SM charged
fermion and its decay is therefore completely invisible. The experimental searches for dark photon into
invisible final states are based on the energy losses that the production of dark photons, independently
of his being stable or decaying into dark fermions, implies on astrophysical objects like stars or in
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Why is it interesting to study η/η′ physics?
• Eigenstates of the C, P, CP and G operators
• Flavor conserving decays ⇒ laboratory for symmetry tests
• All their strong and EM decays are forbidden at lowest order, e.g.:

— η/η′ → 3π break isospin, η/η′ → 2π, 4π0 by P and CP, η/η′ → γγ is anomalous

• Large amount of data have been collected (A2, BESIII, GlueX, KLOE),
more to come (JEF@JLab, CMS@CERN, REDTOP)

• Unique opportunity to:
— Test chiral dynamics at low energy
— Extract fundamental parameters of the Standard Model, e.g. light quark masses,

η-η′ mixing
— Study of fundamental symmetries
— Looking for BSM physics ⇒ Dark sector
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Selected η/η′ decays

BSM particle Decay mode Signal channel Search strategy

Dark photon (A′) η/η′ → γ(∗)A′ A′ → ℓ+ℓ− Bump-hunt in dΓ/dmℓℓ

A′ → π+π− Bump-hunt in dΓ/dmππ

Leptophobic boson (B) η → γB B → γπ0 Enhancement in mπ0γ

B → π+π− Isospin suppressed
η′ → γB B → γπ0, π+π−, π+π−π0, γη Enhancement in mπ0γ

ALPs (a) η → ππa a → γγ, ℓ+ℓ− (ℓ = e, µ) Bump-hunt in dΓ/dmγγ

η′ → ππa a → γγ, ℓ+ℓ−, π+π−γ, 3π Bump-hunt in dΓ/dmγγ

η(′) → ℓ+ℓ− η(′)-a mixing
Scalar boson (S) η/η′ → π0S S → γγ, ℓ+ℓ−, ππ Bump-hunt in dΓ/dmγγ

η′ → ηS S → γγ, ℓ+ℓ−, ππ Bump-hunt in dΓ/dmγγ
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Other meson decays
BSM particle Decay mode Signal channel Search strategy
ALPs (a) K± → π±a a → γγ, ℓ+ℓ− (ℓ = e, µ) Bump-hunt in dΓ/dmγγ,ℓℓ

K± → π±π0a a → γγ, ℓ+ℓ− (ℓ = e, µ) Bump-hunt in dΓ/dmγγ,ℓ,ℓ

KL → π0a a → γγ, ℓ+ℓ− (ℓ = e, µ) Bump-hunt in dΓ/dmγγ,ℓℓ

KL → π0π0a a → γγ, ℓ+ℓ− (ℓ = e, µ) Bump-hunt in dΓ/dmγγ,ℓℓ

KL → π+π−a a → γγ, ℓ+ℓ− (ℓ = e, µ) Bump-hunt in dΓ/dmγγ,ℓℓ

B± → π±a a → ℓ+ℓ−, 3π, ηππ,KKπ Higher ALP masses
B± → K±a a → ℓ+ℓ−, 3π, ηππ,KKπ Higher ALP masses
B → K∗a a → ℓ+ℓ−, 3π, ηππ,KKπ Higher ALP masses
ω/ϕ/J/ψ → π0π0a a → γγ, ℓ+ℓ− (ℓ = e, µ) Bump-hunt in dΓ/dmγγ,ℓℓ

ω/ϕ/J/ψ → π0π0a a → π+π−γ, 3π
Dark photon (A′) π0 → γA′ A′ → e+e− e+e− resonance

π0 → γ∗A′ γ∗ → e+e−, A′ → e+e− e+e− resonance
ω/ϕ/J/ψ → π0A′ A′ → ℓ+ℓ− (ℓ = e, µ) ℓ+ℓ− resonance
ω/ϕ/J/ψ → π0A′ A′ → π+π− π+π− resonance

Leptophobic boson (B) ω/ϕ → ηB B → γπ0 Enhancement in mπ0γ
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Lagrangian for ALPs coupled to QCD
• “Derivative basis”: ALPs with gluon and derivative couplings

LALP = LQCD + 1
2 (∂µa) (∂µa) − 1

2M2
aa2

−

QG +
∑

q=u,d,s
Qq

 αs
8π

a

fa
GµνG̃

µν + ∂µa

fa

∑
q=u,d,s

Qq

2 q̄γµγ5q ,

M2
a : PQ contribution to the mass, fa: axion decay constant, Qq,G: PQ charges

• “Yukawa basis” (this work, at GeV scale): ALP with gluon and mass couplings

LALP = LQCD + 1
2 (∂µa) (∂µa) − 1

2M2
aa2 − QG

αs
8π

a

fa
GµνG̃

µν +
∑

q=u,d,s
mq q̄

(
e
iQq

a
fa
γ5
)

q ,

• Equivalent bases (related via chiral rotations of the quarks) if weak
interactions are neglected

• The heavy-flavor c, b, t quarks contributions are absorbed in QG → QG + Qt,b,c
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Lagrangian for ALPs coupled to mesons
• Step 1: map LALP into χPT at leading order

LχPT@LO
ALP = f2

π

4 Tr
[
∂µU†∂µU

]
+ f2

π

4

[
2B0(Mq(a)U + Mq(a)†U†)

]
− 1

2m2
0

(
η0 − QG√

6
fπ

fa
a

)2

+ 1
2∂µa∂µa − 1

2M2
a a2 ,

Mq(a) = diag(mueiQua/fa , mdeiQda/fa , mseiQsa/fa)

U = exp
(

i
√

2Φ
f

)
,

where

Φ =


1√
2π3 + 1√

6η8 + 1√
3η0 π+ K+

π− − 1√
2π3 + 1√

6η8 + 1√
3η0 K0

K− K̄0 − 2√
6η8 + 1√

3η0

 .
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Lagrangian for ALPs coupled to mesons
• Step 2: diagonalization of the mass matrix ⇒ mixing angles

M̃2 =

m2
π3 m2

π3η8 m2
πη0 m2

π3a

m2
η8 m2

η8η0 m2
η8a

m2
η0 m2

η0a

m2
a

 ,

m2
π3 = B0(mu + md) , m2

π3η8 = B0√
3

(mu − md) , m2
π3η0 =

√
2
3B0(mu − md) ,

m2
η8 = B0

3 (mu + md + 4ms) , m2
η8η0 =

√
2

3 B0(mu + md − 2ms) , m2
η0 = m2

0 + 2
3B0(mu + md + ms) ,

m2
π3a = fπ

fa
B0(muQu − mdQd) , m2

η8a = fπ

fa

B0√
3

(muQu + mdQd − 2msQs) ,

m2
η0a = fπ

fa

√
2
3B0(muQu + mdQd + msQs) − fπ

fa
m2

0
QG√

6
,

m2
a = f2

π

f2
a

B0(muQ2
u + mdQ2

d + msQ2
s) + f2

π

f2
a

m2
0

Q2
G

6 + M2
a .
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Mixing angles I
• We first diagonalize the η8 − η0 subsystemπ3

η8
η0
a

 =

1 0 0 0
0 cos θ sin θ 0
0 − sin θ cos θ 0
0 0 0 1


π3

η̄
η̄′

a

 , sin(2θ) =
2m2

η8η0

m2
η̄′ − m2

η̄

,

• The mass matrix after this transformation reads:
m2

π3
m2

π3η̄ m2
π3η̄′ m2

π3a

m2
η̄ 0 m2

η̄a

m2
η̄′ m2

η̄′a

m2
a

 , m2
η̄,η̄′ = 1

2

[
m2

η8
+ m2

η0
∓
√

(m2
η8

− m2
η0

)2 + 4m4
η8η0

]
,

m2
π3η̄ = m2

π3η8
cos θ − m2

π3η0
sin θ , m2

π3η̄′ = m2
π3η0

cos θ + m2
π3η8

sin θ ,

m2
η̄a = m2

η8a cos θ − m2
η0a sin θ , m2

η̄′a = m2
η8a sin θ + m2

η0a cos θ .

One can fix m2
0 from the physical m2

η̄(′) mass, which yields m0 = 0.807 GeV and
θ = −21.4◦, or from the measured mixing angle θ = −13.3◦, which yields m0 = 1.03 GeV,
and mη̄ = 534 MeV and mη̄′ = 1.14 GeV 14 / 25



Mixing angles II
• We next remove the π3 − η̄ and π3 − η̄′ mixingπ3

η̄
η̄′

a

 =

cos ϵπη − sin ϵπη 0 0
sin ϵπη cos ϵπη 0 0

0 0 1 0
0 0 0 1


cos ϵπη′ 0 − sin ϵπη′ 0

0 1 0 0
sin ϵπη′ 0 cos ϵπη′ 0

0 0 0 1


π0

η
η′

a

 ,

≃

 1 −ϵπη −ϵπη′ 0
ϵπη 1 0 0
ϵπη′ 0 1 0

0 0 0 1


π0

η
η′

a

+ O (ϵπηϵπη′ ) .

• The mixing angles satisfy:

sin(2ϵπη) = −
2m2

π3η̄

m2
η − m2

π0
⇒ ϵπη ≈

m2
π√
3

md−mu

mu+md

(
cos θ −

√
2 sin θ

)
m2

η − m2
π0

= 0.018 ,

sin(2ϵπη̄′) = −
2m2

π3η′

m2
η′ − m2

π0
⇒ ϵπη′ ≈

m2
π√
3

md−mu

mu+md

(√
2 cos θ + sin θ

)
m2

η′ − m2
π0

= 0.0049 .
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Mixing angles II
• After this rotation, the mass matrix becomes:

m2
π0 0 0 m2

π0a

m2
η 0 m2

ηa

m2
η′ m2

η′a

m2
a

+ O((mu − md)2) ,

where

m2
π0a = m2

π3a + (m2
η8aϵπη + m2

η0aϵπη′) cos θ + (m2
η8aϵπη′ − m2

η0aϵπη) sin θ ,

m2
ηa = −m2

π3aϵπη + m2
η8a cos θ − m2

η0a sin θ ,

m2
η′a = −m2

π3aϵπη′ + m2
η8a sin θ + m2

η0a cos θ ,

• The diagonal entries represent the physical masses of the mesons (the
mixing with the ALP will change this by only O(fπ/fa))
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Mixing angles III
• Finally, we diagonalize the ALP-π0, η, η′ mixing
• Solving for the mixing angles to remove non-diagonal elements we find:

sin(2θaπ) =
2m2

π0a

m2
a − m2

π

, sin(2θaη) =
2m2

ηa

m2
a − m2

η

, sin(2θaη′) =
2m2

η′a

m2
a − m2

η′
.

• Step 3: re-express LχPT@LO
ALP in terms of the physical states

π3 = π0 − ϵπηη − ϵπη′η′ + ⟨π0a⟩aphy ,

η8 = (ϵπη cos θ + ϵπη′ sin θ) π0 + cos θη + sin θη′ + ⟨η8a⟩aphy ,

η0 = (ϵπη′ cos θ − ϵπη sin θ) π0 − sin θη + cos θη′ + ⟨η0a⟩aphy ,

a = aphy + O
(

fπ

fa

)
,

⟨π0a⟩ = sin θaπ0 , ⟨η8a⟩ = cos θ sin θaη + sin θ sin θaη′ , ⟨η0a⟩ = cos θ sin θaη′ − sin θ sin θaη
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Mixing angles IV
• ALP mass

m2
a = (Qu + Qd + Qs + QG)2

1 + ϵ

mumd

(mu + md)2
m2

πf2
π

f2
a

+ M2
a ,

ϵ = mumd

ms(mu + md)

(
1 + 6B0ms

m2
0

)
,

• Assuming θaπ0 , θaη and θaη′ to be small (they are proportional to fπ/fa ≪ 1):
⟨π0a⟩ = θaπ0 , ⟨η8a⟩ = θaη cos θ + θaη′ sin θ , ⟨η0a⟩ = θaη′ cos θ − θaη sin θ ,

• QCD axion case: By taking Ma = 0 and ma ≪ mπ and keeping the leading
expansions of m2

π/m2
K and m2

π/m2
0

⟨π0a⟩ = fπ

2fa(mu + md) (md(2Qd + Qs + QG) − mu(2Qu + Qs + QG)) ,

⟨η8a⟩ = fπ

2
√

3fa

(3Qs + QG) , ⟨η0a⟩ = fπ√
6fa

QG .
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η/η′ → ππa decay amplitudes

A(η → 2π0a)|LO = 2!m
2
π

f2
π

(
cos θ −

√
2 sin θ

)[ fπ

2
√

3fa

Qumu + Qdmd

mu + md
− 1

2
√

3
md − mu

mu + md
⟨π0a⟩ + 1

6 ⟨η8a⟩ +
√

2
6 ⟨η0a⟩

]
,

A(η → π+π−a)|LO = m2
π

f2
π

(
cos θ −

√
2 sin θ

)[ fπ√
3fa

Qumu + Qdmd

mu + md
− 1

3
√

3
md − mu

mu + md
⟨π0a⟩ + 1

3 ⟨η8a⟩ +
√

2
3 ⟨η0a⟩

]

− 1
3f2

π

(
3s − m2

η − 2m2
π − m2

a

)
ϵπη⟨π0a⟩ ,

A(η′ → 2π0a)|LO = 2!m
2
π

f2
π

(√
2 cos θ + sin θ

)[ fπ

2
√

3fa

Qumu + Qdmd

mu + md
− 1

2
√

3
md − mu

mu + md
⟨π0a⟩ + 1

6 ⟨η8a⟩ +
√

2
6 ⟨η0a⟩

]
,

A(η′ → π+π−a)|LO = m2
π

f2
π

(√
2 cos θ + sin θ

)[ fπ√
3fa

Qumu + Qdmd

mu + md
− 1

3
√

3
md − mu

mu + md
⟨π0a⟩ + 1

3 ⟨η8a⟩ +
√

2
3 ⟨η0a⟩

]

− 1
3f2

π

(
3s − m2

η′ − 2m2
π − m2

a

)
ϵπη′ ⟨π0a⟩ ,
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Branching ratio for η/η′ → ππa

• Two scenarios: Quark-dominance QG = 0 or Gluon-dominance Qq = 0
• We can search for:

η/η′ → ππa → ππγγ

η/η′ → ππa → ππℓ+ℓ−

(BESIII, KLOE,
CMS, REDTOP)

S. Gonzàlez-Soĺıs and D. Alves, preliminary
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Effects of pion-pion rescattering
• Unitarity:

disc
[
η(′) η(′)]

=

π

π

π

π
a a

π

π

discA(s) = 2iA(s)sin δ0
0(s)e−iδ0

0(s) ,

A(s) = 1
2iπ

∫ ∞

4M2
π

ds′ discA(s′)
s′ − s − iε

,

• Analytic solution:

A(s) = A(η → 2π0a)|LO × Ω0
0(s) ,

Ω0
0(s) = exp

{
s

π

∫ ∞

4M2
π

ds′ δ0
0(s′)

s′(s′ − s − iε)

}
,

S. Gonzàlez-Soĺıs and D. Spier, to appear
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η/η′ → π0aa decays
• One extra power of 1/fa suppression

S. Gonzàlez-Soĺıs and D. Spier, to appear
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Summary

• Exploring dark sectors is an important and growing element of BSM physics
• A wealth of exciting ongoing experiments exist
• Meson decays offer a unique opportunity to look for New Physics
• We have tested ALPs with η/η′ → ππa decays

— We encourage searches in η/η′ → ππa → ππγγ, ππℓ+ℓ− (BESIII, KLOE,CMS,
REDTOP)
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