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Universe and the dark matter

Hot universe 
T>MDM

Cold universe
T<MDM

DM freezeout mechanism

Thermal dark matter production



The wimp miracle
The relic density is set by the annihilation cross-section:

From CMB we can fit the relic density value

corresponding to weakly coupled GeV TeV mass particle:



Dark sector dark matter?
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???Dark Matter???

→?→

Standard model ???Dark Sector???

→?→

▪ Dark sector candidates can explain SM anomalies: 

(g-2), 8Be, proton radius 
▪ The mediator can have a small mass (MeV - 100 MeV)
▪ Due to its small mass the mediator can be produced in fixed 

target experiments
▪ It can decay back to ordinary matter “visible” on not 

“invisible”



Which mass region is accessible

Accelerator limit energy scale ~1 TeV allows to access most of the models

SM anomalies at low energy guide the eye in this region

Accelerators 

mass limit

Accelerators 

mass limit



Visible or invisible?

Light dark matter Massive dark matter

▪ X particle decays in dark matter  if there are 
light dark matter particles (m<mX/2)

▪ Subdominant SM decays are suppressed coup2

▪ “Invisible” decays are dominant.

▪ X particle decays into SM particles if 
dark matter is massive m>mX/2.

▪ SM decays are the only allowed

▪ Visible decay scenario



Muon g-2 anomaly and dark sectors
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- ~3 discrepancy between dispersive theory and experiments

- Fixed by recent lattice QCD results
- Lattice is still in tension with dispersive theory and experiment 

SM contribution

g-2 puzzle in the standard model

HVP

Additional diagram with dark photon exchange can 

contribute to fix the discrepancy  (with sub GeV A’ masses)

arXiv:2505.21476, 2025

DS

Phys.Rev.D 80 (2009) 095002

This possibility has now been ruled out or very severely constrained 

by lattice results.



Searches for DM in flavor factories

 Rare Decays (on shell mediator or DM):

◆ Flavour experiments are sensitive to new physics in rare processes, such 

as rare B and K meson decays, whose rate could be modified by the 

production of an on shell dark mediator or dark matter particles.

 Flavor Violating Interactions (LFV or LNV throug Z’):

◆ Flavored dark matter models introduce new flavor-violating interactions, 
that are not allowed in the SM. These new interactions provide unique 

signatures in rare meson and lepton decays.

 Precision Measurements (off shell mediator):

◆ Besides directly producing DM or mediators, DM could influence the SM 
decay rates through virtual effects. Flavor experiments can study these 

effects by precisely measuring decay rates.

https://www.google.com/search?cs=1&sca_esv=ec0fffde06c1c883&sxsrf=AE3TifP4MSnD8UUVaz3KB4TJOuouxT1GvQ%3A1758231283209&q=rare+or+suppressed+decay+processes&sa=X&ved=2ahUKEwjXsZn4oeOPAxUo4AIHHWh8GZoQxccNegQIJhAB&mstk=AUtExfASpN0hhF4PV1IO_n2k0_KHF8p63E9oI9-oy1sSmtg8jyjuT8Ug_Mx9fyzbnaJv__xe2uNfQr-a9fpEELP6LpfmCICV641m8y2udgmD-ik2OAZ0LSdLTnHbzXYwHuOWkrMOCnEufY4ulRZhj3SFp4f5Qc0EJjO7sv3fZQCB6ntatHo&csui=3
https://www.google.com/search?cs=1&sca_esv=ec0fffde06c1c883&sxsrf=AE3TifP4MSnD8UUVaz3KB4TJOuouxT1GvQ%3A1758231283209&q=rare+B+and+K+meson+decays&sa=X&ved=2ahUKEwjXsZn4oeOPAxUo4AIHHWh8GZoQxccNegQIJhAC&mstk=AUtExfASpN0hhF4PV1IO_n2k0_KHF8p63E9oI9-oy1sSmtg8jyjuT8Ug_Mx9fyzbnaJv__xe2uNfQr-a9fpEELP6LpfmCICV641m8y2udgmD-ik2OAZ0LSdLTnHbzXYwHuOWkrMOCnEufY4ulRZhj3SFp4f5Qc0EJjO7sv3fZQCB6ntatHo&csui=3
https://www.google.com/search?cs=1&sca_esv=ec0fffde06c1c883&sxsrf=AE3TifP4MSnD8UUVaz3KB4TJOuouxT1GvQ%3A1758231283209&q=dark+mediator&sa=X&ved=2ahUKEwjXsZn4oeOPAxUo4AIHHWh8GZoQxccNegQIJhAD&mstk=AUtExfASpN0hhF4PV1IO_n2k0_KHF8p63E9oI9-oy1sSmtg8jyjuT8Ug_Mx9fyzbnaJv__xe2uNfQr-a9fpEELP6LpfmCICV641m8y2udgmD-ik2OAZ0LSdLTnHbzXYwHuOWkrMOCnEufY4ulRZhj3SFp4f5Qc0EJjO7sv3fZQCB6ntatHo&csui=3


From +−+ to +−+X, X−invisible

▪ Start from the m2
miss spectrum used for the NA62 K+→+ searches on 2016-22 data 

[JHEP 02 (2025) 191]

▪ Obtain the UL on the BR(K+ → +X) as function of X mass (pX mom of X in the K rest frame):

▪ Recast the limit under different model assumptions (Vector, scalar, pseudoscalar) 

changing |M|2

▪ Add lifetime corrections to obtain visible decay limits for the same model.



Constraints on invisible particles

dark photon dark Scalar

ALPs with 
fermion coupling

dominant bounds < MK for 

several DS scenario

arXiv:2507.17286

https://arxiv.org/abs/2507.17286


Constraints on visible decay searches

Dominant limits on all scenarios form K+−+X

Additional limits from several K+ decays even 

if not world leading 

arXiv:2507.17286

https://arxiv.org/abs/2507.17286


NA62 limits on HNL  decay: K+,+−e+N

▪ K+,+−e+N with N HNL decaying to invisible.
▪ Searches in both K and beam pion decays.

▪ Experimental searches at NA62
▪ NA62 : K⁺ → e⁺N (2016–2018 data) [Phys.Lett.B 807 (2020) 135599]

▪ NA62 : K⁺ → μ⁺N (2016–2018 data) [Phys.Lett.B 816 (2021) 136259]

▪ NA62 : ⁺ → e⁺N [ArXiv: 2507.07345v1]

ArXiv:2507.07345v1

e+ dominance BC6

95-126 MeV/c2

Univ. lepton couplingSingle e+ with no other activity

HNL search 
95<mN<126 MeV/c2

https://arxiv.org/abs/2507.07345v1
https://arxiv.org/abs/2507.07345v1


The Be or X17 anomaly

https://cerncourier.com/a/mixed-signals-from-x17/

https://cerncourier.com/a/mixed-signals-from-x17/
https://cerncourier.com/a/mixed-signals-from-x17/
https://cerncourier.com/a/mixed-signals-from-x17/
https://cerncourier.com/a/mixed-signals-from-x17/
https://cerncourier.com/a/mixed-signals-from-x17/
https://cerncourier.com/a/mixed-signals-from-x17/
https://cerncourier.com/a/mixed-signals-from-x17/


New Physics in nuclear transitions?
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Excite the nucleus by proton capture: 
choose the level by using appropriate p energy (few MeV) 

Standard Model deexcitation mechanisms: 
a)  emission
b) Internal Pair Creation (IPC): 
    - emit an off-shell photon * 
    - * decays to ee pair 

New Physics (NP) deexcitation mechanisms:
- Produce an intermediate on shell new particle X (mass MX)
- X decays to e+e− pair

New Particles will produce enhanced IPC rate

 emission IPC

Need nuclei having transitions with E> MX 

New particle will appear as a peak in the ee distribution



The ATOMKY anomaly

11B
12C

12C*

𝜃𝑒𝑒
𝑚𝑖𝑛 ≈ 2arcsin

𝑚𝑋17

𝑚𝑁∗ −𝑚𝑁

PHYS.REV. D 108, 015009 (2023)

A. J. Krasznahorkay, et al.



8Be anomaly at MEG II PSI
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p + 7Li —> 8Be + e+e-

MEG II
Eur.Phys.J.C 85 (2025) 7, 763

Barducci et al.

JHEP04(2025)035



For genuine A’ f= qf Feng et. al from the X17 rate:
                                                         [PRL 117, 071803 (2016)]

Pure dark photon: excluded by NA48/2
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NA48/2 experiment limits for A’ in K±
2pD:

K±→±0
D with 0

D= e+e− [PLB 746 (2015) 178-185]

In case X17 is a dark photon we should have in addition: 

0 → X17 → e+e− 

X17 should appear as a peak at 17 MeV in the mee spectrum.

Universal coupled vector hypothesis A’ firmly excluded

π0 -> X © :  |2εu + εd| < 8 x 10-4   (NA48/2)

BX17/B© |εu + εd|≈ 4 x 10-3  (Atomki)

εd  ≈ -2 εu  (±10%)  ==>  εp = 2εu + εd ≈ 0;

-phobic/P-phobic vector particle:

[PRL 117, 071803 (2016)]

2εu+εd ≈0 ==> π0->X© = 0 

forbidden 
-phobic vector still alive!

CERN
NA48/2

2003-4

https://www.sciencedirect.com/science/article/pii/S0370269315003342
https://www.sciencedirect.com/science/article/pii/S0370269315003342
https://www.sciencedirect.com/science/article/pii/S0370269315003342
https://www.sciencedirect.com/science/article/pii/S0370269315003342
https://www.sciencedirect.com/science/article/pii/S0370269315003342
https://www.sciencedirect.com/science/article/pii/S0370269315003342


NA62 Search for K+ →π+aa →π+e+e−e+e−  [PLB 846 (2023) 138193]

- Full NA62cdata set collected in 2017–2018
- Expected BG = 0.18±0.14 events
- No events are observed in the signal region m4e~ mK+

- NA62 obtained:

which rules out the QCD axion hypothesis for the X17.

M. Pospelov  noted:  [PRD 105, 015017 (2022)]

                                                       

If a=X17 X17−e+e− and we have +4e final state
a) main SM background K+→+0

DD has lower rate 

b) mee= ma is a strong kinematical constraint

X17 as QCD Axion: excluded by NA62
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PT G8 
dominance assumption

[PLB 846 (2023) 138193]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.015017


NA64 CERN NA, uses 150 GeV e− beam on thick target.  

Generical vector constraints NA64
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Dump experiment: 
- limited in the high  values by X17 lifetime
- No possibility to measure mass of eventually observed events 
- just counts general event excess

[PRD 101, 071101 (2020)]

How it works:
1) Beam e− losses part of its energy in Wcal before radiating.
2) After radiating A’ is absrobed by Wcal depsiting all of its energy.
3) A’ is radiated and decays after the Wcal 
4) Energy of the ee pair from the A’ decay is measured by ECal

only e− -> no problem with extra couplings!

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.071101
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.071101


Collider constraints: KLOE



As simple as possible: the resonance search
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e−

e+
X17

e−

e+
X17

e−

e+
X17

e−

e+
X17

Atomki X17

Just flip the diagram

and connect!

No model dependence just electron coupling!

Extremely high production rate Breit-Wigner enhancement 

Lowest possible  suppression

Extremely small X17 

[M.R., E. Nardi et al. PRD 97, 095004 (2018)]

We need a lot of positrons in very limited COM energy range

[L. Darmé E. Nardi, Mancini M.R. 
et al. PRD 106,115036]

We can have >1E10 e+ in 20KeV CoM energy at LNF!

Ok let’s do that at PADME! 

<10-2 eV

E. Nardi M.R. et al. Phys.Rev.D 97 (2018) 9, 095004

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.115036
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.115036
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.115036
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.115036
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.095004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.095004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.095004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.095004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.095004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.095004


PADME detector in Run III 2022
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2022 Run-III setup adapted for the X17 search:

- Active target, CVD polycrystalline diamond with X,Y coordinates

- ECal,  616 21x21x230 mm3 BGO crystals

- Newly built ETag in front of Ecal for e/

- Timepix silicon-pixel detector for beam spot imaging  

- Lead-glass beam catcher (NA62 LAV spare block)

1 m

PRD 108, 015009 12C observation

On resonance points spaced by ~ 0.75 MeV
Point spacing equal to the energy resolution

- Mass region 16.4 MeV <MX17< 17.5 MeV

- Statistics ~1x1010 NPoT per point



Observed limit after box opening
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An excess is observed beyond the 2 local coverage (2.5  local)

At MX = 16.90(2) MeV, gve ~ 5.6 x 10-4, the global 
probability dip reaches 3.9-1.1

+1.5 %, corresponding 

to (1.77±0.15)  one-sided 

(look-elsewhere calculated exactly from the toy 
pseudo-events)

A second excess is present at larger masses ~ 17.1 

MeV, but the absolute probability there is ~ 40%

If a 3 interval is assumed for observation 
following the estimate MX = 16.85(4) of 

PRD 108, 015009 (2023), 

the p-value dip deepens to 2.2-0.8
+1.2% 

corresponding to (2.0±0.2)  one-sided

PADME collaboration: arXiv:2505.24797

Region masked procedure

https://arxiv.org/abs/2505.24797


New possibilities?

arXiv:2505.21476, 2025

X17

PRL 113, 201801 (2014)



More on X17 and g-2e

PADME

arXiv:2504.14014v2

present g-2e



Conclusions

 Low energy physics it’s an important player in dark matter searches

◆ Flavor factories, dump experiments, precision measurements.

 Flavor physics is a excellent testing ground for dark sector searches

◆ NA62 recently delibred would leading results for:

Dark Photons, dark scalars, ALPs and HNL.

 Searches for X17 particle after 10 years may be facing a crucial stage

◆ MEG II and PADME able to clarify the situation in the next 2-3 years

 Contribution of postulated X17 to the g-2 puzzle needs deeper 
scrutiny.
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