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Beyond the Standard Model
• The SM fails to explain:

— 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, ...

• Where can we look for BSM physics?
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Finding New Physics: energy vs precision frontier
• Energy frontier: smash protons as hard as you can,

and see what comes out (LHC, FCC 9,000M€)
— create new (heavy) particles

and/or study their effects on rare processes

• Intensity frontier: new feebly interacting particles
— search for tiny indirect effects,

with no (or very precisely known) SM background
• Introduction: beta decays in the SM and beyond

• The “Cabibbo angle anomaly” 

• Scrutinize the SM prediction:  radiative corrections to neutron decay in EFT

• Study the implications for new physics:  connection to other probes (Z pole, LHC, …)

• Conclusions and outlook 
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10• We don’t know in which direction BSM physics might be

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
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Dark sector portals to the Standard Model
• How can we access (and 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.
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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
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Novel search strategies are needed!

dark 
particle
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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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High-intensity programs in meson factories
• η/η′-factories

Experiment Technique Total 
 η  mesons

GlueX@JLAB
(running)

12 GeV p → η X → neutrals 5.5  107 /yr

JEF@JLAB 
(approved)

12 GeV p → η X → neutrals 1.5  108 /yr

HIAF 
(approved)

~ 1013/yr

REDTOP
(proposing) p1.8 GeV   Li → η X 3.4  1013 /yr

World η data samples: 

REDTOP

Experiments studying η and η’  with number of tagged η events :

   108    107  109   107 
KLOE-2 (Frascati)

   108 

CB@ MAMI

η ∼ 1012

• π-factories (PIENU, PIONEER), K-factories (E949, E391, NA62, KOTO),
B-factories (LHCb, Belle-(II)) 6 / 35



η/η′ laboratory for dark sectors
• The η is a pNGB, with mη ≃ 548 MeV and Γη = 1.31 keV
• The η′: not a pNGB due to U(1)A anomaly, mη′ ≃ 958 MeV, Γη′ = 196 keV
• Eigenstates of the C,P,CP and G operators: IGJPC = 0+0−+

• Flavor conserving decays ⇒ laboratory for symmetry tests
• All their EM and strong decays are suppressed at LO ∼ O(α2

em) or
O((mu −md)2)

• Search strategies (visible final states):
— Resonance searches (bump hunting)
— Displaced vertices (long-lived decays)
— Rare decays: new physics process mimics highly-suppressed SM channels

• Other possibilities: Invisible (or partially-invisible) decays
• Perfect laboratory to stress-test the SM in search for BSM physics
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Rich physics program 
at h,h’ factories

Standard Model highlights
• Theory input for light-by-light 

scattering for (g-2)m
• Extraction of light quark masses
• QCD scalar dynamics 

Fundamental symmetry tests
• P,CP violation
• C,CP violation

[Kobzarev & Okun (1964), Prentki & 
Veltman (1965), Lee (1965), Lee & 
Wolfenstein (1965), Bernstein et al (1965)]

Dark sectors (MeV—GeV)
• Vector bosons (dark photon, 

B boson, X boson)
• Scalars
• Pseudoscalars (ALPs)

(Plus other channels that have 
not been searched for to date)

Gan, Kubis, Passemar, ST 
(2020)
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Dark particles in 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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η → π0γγ decays: Theoretical motivation
• O(p2) tree-level χPT:

L2 = F 2
π

4 ⟨DµU
†DµU⟩ + F 2

π

4 ⟨U †χ+ χ†U⟩ ,

where Dµ = ∂µ + ieAµ[Q,U ], Q = diag(2/3,−1/3,−1/3).

→ [Q,U ] = 0 for neutral pseudoscalars ⇒ Γ(η → π0γγ)|tree
p2 = 0

η O(p2), O(p4)

π0

γ

γ

η
O(p4)

π0

γ

γ

π, K
π, K

Ametller et.al. Phy.Lett.B 276 (1992)

• O(p4) tree-level χPT:

L4 = L1
F 2
π

4 ⟨DµU
†DµU⟩2 + · · · + L8⟨χ†Uχ†U + U †χU †χ⟩

− ieL9Fµν⟨QDµUDνU † +QDµU †DνU⟩ + e2L10FµνF
µν⟨QUQU †⟩ ,

L9: vanishes because Fµν (antisymmetric) contracted to a symmetric tensor
L10: FµνF

µν⟨QUQU†⟩ = 1
2FµνF

µν
{

⟨[Q,U ][Q,U†]⟩ − 2⟨Q2⟩
}

⇒ Γ(η → π0γγ)|tree
p4 = 0
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η → π0γγ decays: Theoretical motivation
• O(p4) χPT π,K loops: Γ(η → π0γγ)|loops

p4 = 1.87 × 10−3 eV

η O(p2), O(p4)

π0

γ

γ

η
O(p4)

π0

γ

γ

π, K
π, K

Ametller et.al. Phy.Lett.B 276 (1992)

Reference Γ(η → π0γγ) [eV]
O(p2), O(p4) tree-level χPT 0
O(p4) π + K loops 1.87 × 10−3

Experimental value (A2@MAMI’14) 0.33(3)
Experimental value (KLOE’26) 0.13(2)

• O(p6) tree-level χPT: first sizable contribution O(Γexp)

L6 = d1FµνF
µν⟨Q2∂λU∂λU

†⟩ + d2FµαF
µβ⟨Q2∂αU †∂βU⟩ ,

d1,2: saturated with meson resonances d1,2 = dV
1,2 + dS

1,2 + dT
1,2

JLAB-THY-18-2701

immediate

October 2, 2020

� V
�0

� �

� S

�0

�

�

1

t,u≪M2
V−−−−−−→

η O(p6)

π0

γ

γ

η
O(p4)

π0

γ

γ

π, K
π, K

Ametller et.al. Phy.Lett.B 276 (1992)
• O(p6) loops are negligible
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η → π0γγ: Vector meson exchange contributions
• Six diagrams corresponding to the exchange of V = ρ0, ω, ϕ

η(P )
gV ηγ

V

gV π0γ
π0

γ(ϵ1, q1) γ(ϵ2, q2)

AVMD
η→π0γγ =

∑
V =ρ0,ω,ϕ

gVηγgVπ0γ

[
(P · q2 − m2

η){a} − {b}
DV (t) +

{
q2 ↔ q1
t ↔ u

}]
,

Decay Branching ratio (pdg) |gVP γ | GeV−1

ρ0 → π0γ (4.7 ± 0.6) × 10−4 0.22(1)
ρ0 → ηγ (3.00 ± 0.21) × 10−4 0.48(2)
η′ → ρ0γ (28.9 ± 0.5)% 0.40(1)
ω → π0γ (8.40 ± 0.22)% 0.70(1)
ω → ηγ (4.5 ± 0.4) × 10−4 0.135(6)
η′ → ωγ (2.62 ± 0.13)% 0.127(4)
ϕ → π0γ (1.30 ± 0.05) × 10−3 0.041(1)
ϕ → ηγ (1.303 ± 0.025)% 0.2093(20)
ϕ → η′γ (6.22 ± 0.21) × 10−5 0.216(4)

t, u =(P − q2,1)2 = m2
η − 2P · q2,1 ,

{a} =(ϵ1 · ϵ2)(q1 · q2) − (ϵ1 · q2)(ϵ2 · q1) ,

{b} =(ϵ1 · q2)(ϵ2 · P )(P · q1)

+ (ϵ2 · q1)(ϵ1 · P )(P · q2)

− (ϵ1 · ϵ2)(P · q1)(P · q2)

− (ϵ1 · P )(ϵ2 · P )(q1 · q2)

• The decays η′ → {π0, η}γγ are formally identical: gV ηγgV π0γ → gV η′γgV {π0,η}γ
12 / 35



LσM for the scalar resonance contributions
• χPT loops complemented by the exchange of scalar resonances, e.g.
a0(980), κ, σ, f0(980),

η(′)

π0

γ

γ

a0(980)

K+

K− ALσM
η(′)→π0γγ

= 2α
π

1
m2

K+
L(sK){a} × ALσM

K+K−→π0η(′) ,

• Scalar amplitudes:

ALσM
K+K−→π0η(′) = 1

2fπfK

{
(s−m2

η(′) )
m2

K −m2
a0

Da0 (s)
cosφP + 1

6

[
(5m2

η(′) +m2
π − 3s) cosφP

−
√

2(m2
η(′) + 4m2

K +m2
π − 3s) sinφP

]}
,

• Complete one-loop propagator for the scalar resonances:

DR(s) = s − m2
R + ReΠ(s) − ReΠ(m2

R) + iImΠ(s) .
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η → π0γγ predictions
• Our theoretical prediction: BR = 1.36(18) × 10−4

(updated from Escribano, SGS, Jora, Royo, Phys.Rev.D 102, 034026 (2020))

— VMD dominates:
— ρ: 27% of the signal
— ω: 21% of the signal
— ϕ: 0% of the signal
— interference between

ρ-ω-ϕ: 52%
— interference between

scalar and vector
mesons: 7%
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η → π0γγ predictions
• Comparison of our prediction (BR = 1.36(18) × 10−4) with experimental data

(updated from Escribano, SGS, Jora, Royo, Phys.Rev.D 102, 034026 (2020))

— Shape of the A2
(BR = 2.54(27) × 10−4) and
Crystal Ball
(BR = 2.21(24)(47) × 10−4)
spectra is captured well
(normalization offset)

— Good agreement
with KLOE data,
BR = 0.98(11)(14) × 10−4

(JHEP 01 (2026) 091)
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• The experimental situation needs to be clarified (A2, JEF, REDTOP) 15 / 35



Inclusion of the a2(1320) tensor meson contribution
• One diagram corresponding to the exchange of a2(1320) in the s-channel

η(′)

π0

γ

γ

a2(1320)

gTPP gTγγ

• |gTPP |, |gTγγ | fixed from the pdg
BR(a2 → πη) and BR(a2 → γγ)
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Escribano, SGS, Royo, Phys.Rev.D 112 (2025) 11, 114009

• Destructive VMD-a2 interference ∼ 20% of the signal (could be tested and
distinguished from VMD with precise measurements at e.g. JEF)
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η → π0γγ: status
• Our final prediction including vector, scalar and tensor resonance exchanges

is: BR = 1.17(17) × 10−4 (Escribano, SGS, Royo, Phys.Rev.D 112 (2025) 11, 114009)

• In agreement with KLOE-II: BR = 0.98(11)(14) × 10−4 (JHEP 01 (2026) 091)

• 5σ below the A2 measurement
BR = 2.54(27) × 10−4

(Phys.Rev.C 90, 025206 (2014))

• Theoretical predictions show
some scatter
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η′ → π0γγ

• BR = 2.78(21) × 10−3 (Escribano, SGS, Royo, Phys.Rev.D 112 (2025) 11, 114009)

— VMD completely dominates: ω (78%), ρ (5%), ϕ (0%), interference (17%)
— a2 tensor meson contribution is negligible

• Compatible with BESIII, BR = 3.20(7)(23) × 10−3 (Ablikim et.al. Phys.Rev.D 96,
012005 (2017))
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Leptophobic B boson model
• What if a new force couples predominantly to quarks?
• New boson from a new U(1)B gauge symmetry (aka B boson, leptophobic Z ′)

Lint =
(

1
3gB + εQqe

)
q̄γµqBµ − εeℓ̄γµℓBµ ,

— New gauge coupling: αB = g2
B/4π

— B is a singlet under isospin: IG(JP C) = 0−(1−−) ⇒ B is ω meson-like
— Searches depend on the mass mB and decay channels

Lee & Yang (1955), Pais (1973), Nelson & Tetradis (1989), … 

Leptophobic B boson from gauged U(1)B

Model:

Flavor-universal coupling to quarks
Suppressed couplings to leptons
Mass mB, coupling aB = gB

2/4p

Similar decays as w meson

Dark-photon-like Novel signatures

• Searches in meson factories are gaining attention
— η → γB → γγπ0 (JEF), ϕ → ηB → ηπ0γ (KLOE-II), η → Bγ → π+π−γ (Belle-II) 19 / 35



Previous limits on αB and mB

• New boson from a new U(1)B gauge symmetry

Lint =
(

1
3gB + εQqe

)
q̄γµqBµ − εeℓ̄γµℓBµ ,

• Conventional VMD picture:
LV γ → LV B = −21

3gBgf
2
πB

µtr [V µ]

Aµ → Bµ , e → gB
B

ω

ρ0

π0

γ

↓
LV B

→ LV V P

−→ LV γ

• Assuming Narrow-Width Approximation:
BR(η → π0γγ)Bboson = BR(η → Bγ) × BR(B → π0γ)

• Assuming no SM contribution
• BR(η → π0γγ)Bboson < BRexp at 2σ

— BR(η → π0γγ)exp = 2.21(53) × 10−4

— BR(η′ → π0γγ)exp < 8 × 10−4 (90% C.L.)

— BR(η′ → ηγγ)exp no data

��� ��� ��� ��� ��� ���

�����

�����
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�

αB that are independent ofmB for
ffiffiffi
s

p
≫ mB [24,27].

The strongest limit formB < GeV has been obtained
from Υð1SÞ, giving αB < 0.014 [27].

Lastly, we consider B → eþe− signals, which fall within
the scope of A0 searches. In a sense, these constraints are
orthogonal to other observables since they probe the
leptonic couplings of B. Although such couplings are
not likely to be absent, their magnitude is subject to an
additional model dependence. Resonance searches by
WASA and KLOE have placed stringent limits on
BRðπ0 → A0γ → eþe−γÞ and BRðϕ → A0η → eþe−ηÞ,
respectively, where the A0 is assumed to decay promptly
on detector time scales [57,58]. To constrain leptonic B
decays, we impose these constraints to the quantities

BRðπ0 → BγÞ × BRðB → eþe−Þ × feff ;

BRðϕ → ηBÞ × BRðB → eþe−Þ × feff : ð6Þ

Here, feff is an (experiment-dependent) efficiency factor that
accounts for signal reduction due to nonprompt B decays.
For simplicity, we approximate feff ≈ 1 − expð− L

cτÞ, where
cτ is theB decay length (neglecting relativistic γ factors) and
L is the physical scale within which a decay would be
considered prompt. Although limits we present for these
channels should be regarded as approximate, we have taken
L ¼ 1 cm to be conservative since the true detector geometry
is larger [57,58].

These constraints are shown in Fig. 2 in terms of αB and
mB. The left and right panels correspond to different values
of kinetic mixing parameter ε. The thick black lines, which
show how current constraints from radiative light meson
decays constrain the B boson, are the new result from this
work. We emphasize that these limits have been applied
with respect to the total rate assuming that the QCD
contribution is zero. Substantial improvements could be
made by searching for π0γ resonances in these processes.

IV. CONCLUSIONS

Light meson decays offer a window into discovering new
forces below the GeV scale. While there exists a broad
experimental program of searching for new light weakly
coupled forces, the main focus has been on the dark photon
A0 and signatures arising from its leptonic couplings. In this
work, we have considered new signatures from a new light
force, the B boson, coupled to baryon number. Although
the B boson couples predominantly to quarks, it may be
observed in rare radiative decays of η; η0;ω;ϕ mesons as a
π0γ resonance. Such a search may be easily incorporated
into the physics programs at existing and future light meson
facilities.
Since it is likely for B to couple to leptons at some level,

one may wonder: if a new light resonance is observed in
lþl−, how can B be distinguished from A0? If the mass is
above mπ , the presence of a π0γ resonance signal would be
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FIG. 2 (color online). Limits on baryonic gauge boson coupling αB and mass mB, for different values of kinetic mixing para-
meter ε. Thick black contours are current exclusion limits from radiative light meson decays based on their total rate (assuming the
QCD contribution is zero). Dashed gray contours illustrate the reach of possible future constraints at the level of BRðη → Bγ →
π0γγÞ < 3 × 10−6 [50], BRðη0 → Bγ → πþπ−π0γÞ < 10−4, and BRðη0 → Bγ → ηγγÞ < 10−4. Shaded regions are exclusion limits
from low-energy n-Pb scattering and hadronic Υð1SÞ decay. Hatched regions are excluded by A0 searches from KLOE [58] and WASA
[57]. A0 limits applied to B are model dependent, constraining possible leptonic B couplings. Limits shown here are for ε ¼ egB=ð4πÞ2
(left plot) and 0.1 × egB=ð4πÞ2 (right plot). Gray shaded regions show where B has a macroscopic decay length cτ > 1 cm.
Dotted contours denote the upper bound on the mass scale Λ for new electroweak fermions needed for anomaly cancellation, assuming
Λ≲ 4πmB=gB.
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S. Tulin, Phys.Rev.D 89 (2014) 114008
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η → π0γγ decays: B boson calculation
• Two diagrams corresponding to the exchange of a B boson

η

ω, φ

ω, φ B

ω

γ

ρ γ

π0

AB boson
η→π0γγ

= gBηγ(t)gBπ0γ(t)
[

(P · q2 −m2
η){a} − {b}

m2
B − t− i

√
tΓB(t)

+
{

q2 ↔ q1
t ↔ u

}]
,

• gBPγ couplings:

gBπ0γ(t) =
√

2egB

4π2fπ
Fω(t) , gBηγ(t) = egB

12π2fπ

1√
3

[
(cθ −

√
2sθ)Fω(t) + (2cθ +

√
2sθ)Fϕ(t)

]
,

• Energy-dependent width

ΓB(q2) =
γB→ℓ+ℓ− (q2)
γB→ℓ+ℓ− (m2

B)
ΓB→ℓ+ℓ−θ(q2 − 4m2

ℓ )

+
γB→π0γ(q2)
γB→π0γ(m2

B)
ΓB→π0γθ(q2 −m2

π0 )

+ γB→ππ(q2)
γB→ππ(m2

B)
ΓB→ππθ(q2 − 4m2

π)

+ γB→3π(q2)
γB→3π(m2

B)
ΓB→3πθ(q2 − 9m2

π)
��� ��� ��� ��� ��� ���

��-��
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New limits on αB, mB

• SM contribution on
• Not assuming the NWA
• BRSM+Bboson < BRexp at 2σ

BR(η → π0γγ)pdg
exp = 2.56(22) × 10−4

BR(η → π0γγ)KLOE
exp = 1.23(14) × 10−4

B. Cao [KLOE], PoS EPS-HEP2021 (2022) 409

• Limits strengthened by one order of magnitude∗

����
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�

Escribano, SGS, Royo, Phys.Rev.D 106, 114007 (2022)

∗These limits were obtained without the a2 contribution to the SM.
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Strong CP problem
• QCD Lagrangian with a θ term:

LQCD = Lquarks − 1
4G

a
µνG

a,µν + θ
g2
s

32π2 G̃
a
µνG

a,µν ,

• The θ term implies that QCD violates P and CP

• This CP-violation is measurable: the θ term causes an EDM for the neutron

|dn| ∼ θ̄ , with θ̄ = θ + arg(detMq)

2.2. Axions and axion-like particles 13

n n

�

⇡ ⇡
p

FIGURE 2.3: One-loop diagram contributing to the neutron EDM. The CP violation is a result
of ✓ dependent contributions to the nucleon-pion vertices at low energies.

As the values allowed for ✓ are extremely small and no theoretically appealing explanation
exists in the SM, this poses an open puzzle in particle physics. A simple solution would have
been a massless up-quark as in this case a chiral rotation on the up-quark would remove ✓
from the theory without it reappearing in the quark mass matrix. Experimentally, however,
this possibility is ruled out [87, 88] and even if the up-quark were to be massless, it would
only lead to another question of why this is the case [22, 79, 89].

2.2.2 QCD axion

An elegant solution to the strong CP problem is obtained by promoting ✓ to a dynamical
variable, which eventually relaxes to zero and hence one attains a CP -conserving theory. This
mechanism can be realized by introducing a new pseudoscalar field a, which couples to the
same anomalous QCD current as the ✓ parameter [83]

L � �
✓

a

fa
+ ✓

◆
g2
s

64⇡2
✏µ⌫↵�Ga

µ⌫G
a
↵� , (2.25)

where fa is the axion decay constant. While it is not immediately apparent how this solves the
strong CP problem, non-perturbative effects induced by the confinement of QCD generate an
effective axion potential, which upon minimization cancels the ✓ phase. In order to see how
this mechanism works, it is convenient to perform an axial rotation on the light quark fields

q ! eiq

�
a/fa+✓

�
�5/2q with Tr[q] = 1 and q = (u, d, s)T [62–68]. As a result, a/fa + ✓ is moved

into the light quark mass matrix Mq [67]

L � �q̄R Mq(a, ✓) qL � q̄L M †
q (a, ✓) qR , (2.26)

where we have omitted derivative couplings of the axion and introduced the rotated quark

mass matrix being Mq(a, ✓) = e
�iq

�
a

fa
+✓
�
/2

Mq e
�iq

�
a

fa
+✓
�
/2. Tracking the effects of eq. (2.26)

into the SU(3) chiral EFT described in section 2.1.2, we get with s + ip = Mq(a, ✓) [67]

L�PT � F 2
0 B0

2
Tr[Mq(a, ✓) U † + U M †

q (a, ✓)] . (2.27)

• Experimental upper limits on the neutron EDM:
|dn| ≲ 1.8 × 10−26e cm (C. Abel et. al., PRL 124, 081803 (2020))

• Constrains θ̄ ≲ 10−10

• Why is θ so small? (one of the open issues of the SM)
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The QCD axion
• The Peccei-Quinn solution of the strong CP-problem (Peccei, Quinn’77)

— New U(1)A global symmetry (a.k.a U(1)PQ),
— Broken spontaneously at the high energy scale fa and anomalous

• Nambu-Goldstone boson: the axion a (Weinberg’78; Wilczek’78)

L ⊃ −
(
θ + a

fa

)
g2
s

32π2 G̃
a
µνG

a,µν .

• Its VEV cancels the θ-term: θ + ⟨a⟩
fa

= 0, and solves the strong CP-problem:

a → ⟨a⟩ + a , L ⊃ − a

fa

g2
s

32π2 G̃
a
µνG

a,µν .

• Axion mass: m2
a = mumd

(mu+md)2
m2

πf
2
π

f2
a

• The scale fa is identified with the electroweak symmetry breaking scale v:
fa ∼ v = (

√
2GF )−1/2 ≈ 246 GeV ,

— The PQWW axion ruled out experimentally 24 / 35



Axion-Like Particles (ALPs)

• “Yukawa basis”: ALP with gluon and quark couplings (à la DFSZ)

LALP = LQCD + 1
2 (∂µa) (∂µa) − 1

2M
2
��PQa

2

−QG
αs
8π

a

fa
GµνG̃

µν +
∑

q=u,d,s
mq q̄

(
e
iQq

a
fa
γ5
)
q ,

M��PQ: PQ-breaking contribution to the mass
Qq,G: PQ charges

• The heavy-flavor c, b, t quarks contributions have been integrated out
• Equivalent to the “usual” derivative basis (related via chiral rotations of the

quarks)∗

∗if weak interactions are neglected
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Lagrangian for ALPs coupled to mesons
• Step 1: map LALP into χPT at leading order:

LχPT@LO
ALP = 1

2∂µa∂
µa− 1

2M
2
��PQa

2 − 1
2m

2
0

(
η0 − QG√

6
fπ
fa
a

)2

+ f2
π

4 Tr
[
∂µU

†∂µU
]

+ f2
π

4 Tr
[
2B0(Mq(a)U +Mq(a)†U †)

]
,

with the ALP-dependent quark mass matrix:

Mq(a) = diag
(
mue

iQua/fa ,mde
iQda/fa ,mse

iQsa/fa

)
,

and the representation of the pNGB chiral meson nonet:

U = exp
(
i
√

2Φ
f

)
, 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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Diagonalization of the mass matrix
• Step 2: diagonalization of the mass matrix (ϕ ≡ (π3, η8, η0, a))

LχPT@LO
ALP ⊃ −1

2ϕ
T M̃2 ϕ , M̃2 =


m2
π3 m2

π3η8 m2
πη0 m2

π3a

m2
η8 m2

η8η0 m2
η8a

m2
η0 m2

η0a

m2
a

 ,


π3
η8
η0
a

 =


θaπ

13×3 θaη8

θaη0

−θaπ −θaη8 −θaη0 1




0
R3×3 0

0
0 0 0 1




π0

η
η′

aphys

 ,

where R is an orthogonal matrix that diagonalizes of the π0-η-η′ subsystem

R =

 1 −θπη −θπη′

(θπη cos θηη′ + θπη′ sin θηη′) cos θηη′ sin θηη′

(θπη′ cos θηη′ − θπη sin θηη′) − sin θηη′ cos θηη′

 .
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Mixing angles and physical axion mass
• In the PQ-preserving limit, i.e. M��PQ = 0:

θ
(PQ)
aπ = −fπ

fa

1
(1 + ϵ)

(
Qumu −Qdmd

mu +md
+ mu −md

mu +md

Qs +QG

2 + ϵ
Qu −Qd

2

)
+ O

(
f−2

a

)
,

θ
(PQ)
aη8

= fπ

fa

√
3

2
1

(1 + ϵ)

(
Qs + QG

3 − ϵ
(Qu +Qd + 2QG/3) + 2B0ms

m2
0

(Qu +Qd − 2Qs)
1 + 6B0ms

m2
0

)
+ O

(
f−2

a

)
,

θ
(PQ)
aη0

= fπ

fa

1√
6

1
(1 + ϵ)

(
QG + ϵ

QG − 6B0ms

m2
0

(Qu +Qd +Qs)
1 + 6B0ms

m2
0

)
+ O

(
f−2

a

)
,

where ϵ ≡ mumd

ms(mu+md)

(
1 + 6 B0ms

m2
0

)
≈ 0.04.

• Physical axion mass:(
m(PQ)
aphys

)2 = (Qu +Qd +Qs +QG)2 B0mumdms(
mumd +mums +mdms + 6B0mumdms

m2
0

) f2
π

f2
a

,
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ALP-meson mixing angles
• In the PQ-breaking limit, i.e. M��PQ ̸= 0:

θaπ = θ
(PQ)
aπ

(
1 +

M2
��PQ

m2
π − m2

a

)
,

θaη8 = θ
(PQ)
aη8

(
1 + cos2θηη′

M2
��PQ

m2
η − m2

a
+ sin2θηη′

M2
��PQ

m2
η′ − m2

a

)
+ θ

(PQ)
aη0

sin 2θηη′

2

(
M2
��PQ

m2
η′ − m2

a
−

M2
��PQ

m2
η − m2

a

)
,

θaη0 = θ
(PQ)
aη0

(
1 + sin2θηη′

M2
��PQ

m2
η − m2

a
+ cos2θηη′

M2
��PQ

m2
η′ − m2

a

)
+ θ

(PQ)
aη8

sin 2θηη′

2

(
M2
��PQ

m2
η′ − m2

a
−

M2
��PQ

m2
η − m2

a

)
.

• Valid in the small mixing angle approximation, i.e. when θ(PQ)
aπ , θ

(PQ)
aη8 , θ

(PQ)
aη0 ≪ 1

• Physical ALP mass:
m2
a ≡ m2

aphys =
(
m(PQ)
aphys

)2 +M2
��PQ .

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

π3 → π0 + θaπa
phys , η8 → cos θηη′η + sin θηη′η′ + θaη8a

phys , η0 → − sin θηη′η + cos θηη′η′ + θaη0a
phys ,
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η/η′ → ππa decay amplitudes at LO

A(η → 2π0a) = 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
θπ3a + 1

6θη8a +
√

2
6 θη0a

]
,

A(η → π+π−a) = m2
π

f2
π

(
cos θ −

√
2 sin θ

)[ fπ√
3fa

Qumu + Qdmd

mu + md
− 1

3
√

3
md − mu

mu + md
θπ3a + 1

3θη8a +
√

2
3 θη0a

]
,

A(η′ → 2π0a) = 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
θπ3a + 1

6θη8a +
√

2
6 θη0a

]
,

A(η′ → π+π−a) = m2
π

f2
π

(√
2 cos θ + sin θ

)[ fπ√
3fa

Qumu + Qdmd

mu + md
− 1

3
√

3
md − mu

mu + md
θπ3a + 1

3θη8a +
√

2
3 θη0a

]
,
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Effects of pion-pion final-state interactions (FSI)
• Unitarity:

disc
[
η(′) η(′)]

=

π

π

π

π
a a

π

π

discA(s) = 2iA(s)σπ(s)T 0∗
0 (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 → 2πa)|LO × Ω0
0(s) , Ω0

0(s) = exp
{
s

π

∫ ∞

4M2
π

ds′ δ0
0(s′)

s′(s′ − s− iε)

}
,

• Diagrammatic interpretation:

η/η′

a

π

π
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Solution of the Omnès function Ω0
0(s)

Ω0
0(s) = exp

{
s

π

∫ ∞

4M2
π

ds′ δ0
0(s′)

s′(s′ − s − iε)

}
,
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Branching ratio predictions for η → π+π−a

• Two scenarios:
Quark-dominance (QG = 0)
Gluon-dominance (Qq = 0)

• Experimental searches in
η → ππa → ππ{γγ, ℓ+ℓ−}
(CMS, JEF, KLOE, REDTOP
HADES

• First upper bounds
from BESIII (2501.10130)

——- -- -··
- -- -——
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IX. SUMMARY

With a sample of (10087 ± 44) → 106 J/ω events, the
decays of ε ↑ ϑ+ϑ→l+l→ (l = e or µ) are studied. For
the decay ε ↑ ϑ+ϑ→e+e→, the branching fraction is de-
termined to be B(ε ↑ ϑ+ϑ→e+e→) = (3.07 ± 0.12stat. ±
0.19syst.)→10→4, which is in good agreement with theoret-
ical predictions [1, 2] and previous measurements [4–6],
as shown in Fig. 8.

FIG. 8. The branching fraction of ω → ε+ε→e+e→ from dif-
ferent theoretical predictions [1, 2] (blue squares), other ex-
periments [4–6] (red triangles) and this measurement (green
dot).

For the decay ε ↑ ϑ+ϑ→µ+µ→, no signal events are
observed. The upper limits on the branching fraction are
determined to be B(ε ↑ ϑ+ϑ→µ+µ→) < 4.0→10→7 at the
90% C.L., which is improved by 3 orders of magnitude

compared to the PDG value 3.6 → 10→4.
Furthermore, the TFF is extracted from the invariant

decay amplitude of the reaction ε ↑ ϑ+ϑ→e+e→. An
analysis on previous experimental data obtained the val-
ues of parameters c1 ↓ c2 and c3 that are approximate-
ly equal to 1 [38] and consistent with Model I (hidden
gauge), we thus report our results based on this model.
We obtain mV = (749 ± 54stat. ± 14syst.) MeV/c2 for the
hidden gauge model; a larger ε data sample is needed to
improve precision.

Additionally, the CP -violation asymmetry is deter-
mined to be ACP (ε ↑ ϑ+ϑ→e+e→) = (↓4.04±4.69stat.±
0.14syst.)%, which implies no CP -violation under the
present statistics.

Finally, ALPs are searched for via the decay ε ↑
ϑ+ϑ→a, a ↑ e+e→, and the 90% C.L. upper limits on the
branching fraction relative to that of ε ↑ ϑ+ϑ→e+e→

are presented as a function of the ALP mass within
5 ↓ 200 MeV/c2, as shown in Fig. 7. The significance
for each case is less than 0.5ϖ.
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Branching ratio predictions for η′ → ππa

• Two scenarios:
Quark-dominance (QG = 0)
Gluon-dominance (Qq = 0)

• Experimental searches in
η′ → ππa → ππ{γγ, ℓ+ℓ−}
(CMS, JEF, KLOE, REDTOP
HADES)

• First upper bounds from
BESIII (JHEP 07 (2024) 135)

——- -- -··
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Figure 9. (a) Fit to the invariant mass distribution of M(a) when the mass of a is 15 MeV/c2. The dots
with error bars represent data, and the blue solid line is the total fit result. The red dashed histogram
represents the arbitrary normalized MC signal shape, which is scaled by a factor of 10. The golden
dashed histogram is the J/ω → εη′, η′ → π+π−e+e− MC shape. The green dashed histogram is the
J/ω → εη′, η′ → επ+π− MC shape, and the pink dotted histogram is the background obtained from
the η′ sideband. (b) Upper limit on the relative branching ratio at the 90% C.L. for different a masses.

Additionally, we measure the TFF parameters of the η→ decays, which are determined from
the invariant decay amplitude of the reaction η→ → π+π−l+l−. Our results are summarized
in table 4. Since the previous experiment measured the parameters value of c1 − c2 and c3
are approximately equal to 1 [48], we compared the results of Model I with other theoretical
calculations and experimental measurements, which shown in figure 10 (b). In addition,
we calculate a weighted average of bω′ = 1.30 ± 0.19 (GeV/c2)−2 for η→ → π+π−e+e− and
η→ → π+π−µ+µ− combined, where the uncertainty is obtained by combining statistical and
systematic uncertainties. The value of bω′ measured in this work is consistent with the VMD
theoretical calculations [52] and the previous BESIII result [39], as shown in figure 10 (b). It
indicates that the theoretical model used (Model I) is able to reasonably describe the process.

The CP -violating asymmetries of η→ → π+π−l+l− are determined to be ACP (η→ →
π+π−e+e−) = (−0.21 ± 0.73(stat.) ± 0.01(syst.))% and ACP (η→ → π+π−µ+µ−) = (0.62 ±
4.71(stat.) ± 0.08(syst.))%. These imply that no CP -violation evidence is found at the
present level of statistics.

Finally, we perform a search for an ALP in the e+e− invariant mass spectrum, no
significant signal is observed and the 90% C.L. upper limits of BUP are shown in figure 9.
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Conclusions

Conclusions
Progress on this front requires collaboration!

Phenomenologists
What is the theory landscape?
What are constraints from other 
searches?

Experimentalists
What final states are most accessible?
What input is needed from theory?

cPT theorists
Better quantify BSM physics 
(NLO corrections/form factors)?
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Rich physics program 
at h,h’ factories

Standard Model highlights
• Theory input for light-by-light 

scattering for (g-2)m
• Extraction of light quark masses
• QCD scalar dynamics 

Fundamental symmetry tests
• P,CP violation
• C,CP violation

[Kobzarev & Okun (1964), Prentki & 
Veltman (1965), Lee (1965), Lee & 
Wolfenstein (1965), Bernstein et al (1965)]

Dark sectors (MeV—GeV)
• Vector bosons (dark photon, 

B boson, X boson)
• Scalars
• Pseudoscalars (ALPs)

(Plus other channels that have 
not been searched for to date)

Gan, Kubis, Passemar, ST 
(2020)
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Dark photon searches
• Broad worldwide effort to search for dark photons (A′)
• Most searches are for A′ coupling to leptons, Lint = −eεjµemA

′
µ

Dark photon

Gan et al (2020)

REDTOP sensitivities projected for 
FNAL/BNL (1018) or CERN (1017) POT

Gatto (2019)

Worthwhile to also consider

since

Many other experiments targeting 
same dark photon parameter space

Baryonic force at the QCD scale
• How are the gauge bosons produced?
• What are the experimental signatures?

Direct production:

Meson decays:

Dark photon B boson

A’
ℓ+ℓ-

g B
g ???

A’

g

ℓ+ℓ-

h

B

g

h

???
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η′ → ηγγ predictions
• 1st BR measurement by BESIII, BR = 8.25(3.41)(0.72) × 10−5 or
BR < 1.33 × 10−4 at 90% C.L. (Ablikim et. al. Phys.Rev.D 100, 052015 (2019))

• Our theoretical predictions BR = 1.17(8) × 10−4

(R. Escribano, S. G-S, R. Jora, E. Royo, Phys.Rev.D 102, 034026 (2020))

— VMD predominates
(91% of the signal)

— Substantial scalar
meson effects (16%)

— Interference between
scalar and vector
mesons (7%)

• We look forward to the release of the mγγ spectrum

��� ���������� ���
�σ� ������������

���� ���� ���� ����

-��

�

��

���

���

���

�γγ
� [����]

�Γ
(η

′ →
ηγ

γ
)/
��

γ
γ
�

[�
�
/�
��

�
]

3 / 15



π0γ mass distribution
• These constraints would make

a B boson signature suppressed
Γ(η → π0γγ)∝

∫
α2

B dt

|DB(t)|2 → α2
B π

mB ΓB(m2
B) .
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• Bump-hunt search: accumulate statistics in a certain energy range
• Experimental π0γ distribution will be very welcome (JEF?)
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New limits on αB and mB

• Not assuming the NWA

• QCD contribution on

• BR < BRexp at 2σ

— BR(η′ → π0γγ)exp = 3.20(7)(23) × 10−3

M. Ablikim et.al [BESIII], Phys.Rev. D 96 (2017) 012005

— BR(η′ → ηγγ)exp = 8.25(3.41)(72) × 10−5

M. Ablikim et.al [BESIII], Phys.Rev. D 100 (2019) 052015
• Sharp dip when mB ∼ mω

• Bounds 4 orders of
magnitude weaker than
η → π0γγ
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New limits on αB and mB

Escribano, SGS, Royo, Phys.Rev.D 106, 114007 (2022)
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Invisible axion models
• Invisible models were developed to make the axion weakly coupled (fa ≫ v):

— Dine-Fischler-Srednicki-Zhitnisky (DFSZ) (PLB 104, 199 (1981), SJNP 31, 260 (1980))

SM quarks carry PQ charges
— Kim-Shifman-Vainshtein-Zakharov (KSVZ) (PRL 43, 103 (1979), NPB 166, 493 (1980))

SM quarks uncharged under the PQ symmetry

• Axion decay constant window from
astrophysical and cosmological data:

108GeV ≲ fa ≲ 1018GeV ,
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(for compilations of various constraints,
see: https://cajohare.github.io/AxionLimits/)
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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

2M
2
aa

2

−
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

2M
2
aa

2 −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
8 / 15



Branching ratio predictions for η → ππa (ππ = π+π−, π0π0)

D. Alves, S. Gonzàlez-Soĺıs, JHEP 07 (2024) 264
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——- -- -··
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Branching ratio predictions for η′ → ππa

D. Alves, S. Gonzàlez-Soĺıs, JHEP 07 (2024) 264
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Double production of ALPs in η/η′ decays
• η/η′ → π0aa decays
• One extra power of 1/fa suppression, BR ∼ O(1/f4

a )
• fa ∼ O(1 − 10) GeV to be sensitive probes of ALPs

D. Alves, S. Gonzàlez-Soĺıs, JHEP 07 (2024) 264

- -- -··

- -- -

- -- -··
- -- -
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Double production of ALPs in η/η′ decays

- -- -··

- -- -
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Triple production of ALPs in η/η′ decays
• η/η′ → aaa decays
• BR ∼ O(1/f6

a )
• fa ∼ O(1) GeV to be sensitive probes of ALPs

D. Alves, S. Gonzàlez-Soĺıs, JHEP 07 (2024) 264

- -- -··
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η′ → ηπ0a

——- -- -··
——- -- -
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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

15 / 15


	Appendix

