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Outline

Introduction: Feebly Interacting Particles for (𝑔𝑔 − 2)

The MeV-regime: prospects of future resonant searches

The GeV regime: FIPs meddling in 𝑎𝑎𝜇𝜇𝐻𝐻𝐻𝐻𝐻𝐻



Feebly-Interacting Particles and 𝑔𝑔 − 2
• FIPs=  “new neutral particle which interacts with the SM via suppressed new 

interactions”
We focus in this talk on FIPs from MeV to tens of GeV range
• Used often as a NP mechanism for 𝑔𝑔 − 2 𝜇𝜇,𝑒𝑒
• Part of simultaneous explanation of 𝐵𝐵 → 𝐾𝐾 and/or DM and 𝑔𝑔 − 2

Gninenko 2001, Baek 2001, Ma 2001… Brodsky 1967…

From F. 
Jegerlehner’s talk at 
g-2 days 2021

Large anomaly in 𝑎𝑎𝜇𝜇 = 𝑔𝑔 − 2 𝜇𝜇

• Anomalies in lepton magnetic moment are at a cross-road

Confused situation for 𝑎𝑎𝑒𝑒 = 𝑔𝑔 − 2 𝑒𝑒

on the exp. sidew.r.t data-
driven SM 
theory 
estimates

More tension between both exp. measurements 
than with the SM prediction … 

A. Greljo 2021, Datta 2019, 
2017, LD et al. 2020,2021 ..



Two FIP examples …

We then “hide” the ALP via a coupling to a dark current 

• An axion-like particle (ALP) 𝑎𝑎, 

• Same procedure can be applied to a light vector FIP 𝑉𝑉𝜇𝜇

Contains FIP/dark sector 
interaction, can be large!

 Covers standard cases: dark photon, 𝐿𝐿𝜇𝜇 − 𝐿𝐿𝜏𝜏, etc…

+ light-by-light and 2-
loops lepton loop 
contributions

Δ𝑎𝑎𝜇𝜇 < 0

Δ𝑎𝑎𝜇𝜇 sign 
free!

Δ𝑎𝑎𝜇𝜇 > 0
+ a dark current coupling



Going resonant on « radiative » 
electron-FIP interactions



Vector FIP limits: the universal case

• Previous experimental programs covered
Δ𝑎𝑎𝜇𝜇 and Δ𝑎𝑎𝑒𝑒 in “universal scenarios”

Adapted from LD, F. Giacchino, E. Nardi, M. Raggi, 2012.07894

𝑉𝑉𝜇𝜇
𝜇𝜇

• However these limits are electron-
driven
For 𝑔𝑔 − 2 𝜇𝜇 only the muon 

coupling is really required

• Radiative corrections can re-
introduce  𝑒𝑒− coupling

• E.g 𝐿𝐿𝜇𝜇 − 𝐿𝐿𝜏𝜏 ∶ kinetic mixing typically 
arises from SM fermions loop

𝜀𝜀 ∼
𝑒𝑒 𝑔𝑔𝐻𝐻𝑉
6𝜋𝜋2

𝑙𝑙𝑙𝑙𝑔𝑔

 Can we probe such suppressed couplings  at accelerators ?



Resonant production for light (bosonic) FIPs

Resonant process
Cross-section x100-1000 

times larger

Due to low CoM √𝑠𝑠, only 
low masses accessible

Bremsstrahlung 
process

• In beam dumps, the most effective production 
mechanism is the resonant process 𝑒𝑒+𝑒𝑒− → 𝐹𝐹𝐹𝐹𝐹𝐹
 Use  𝑒𝑒+ beam with annihilation on the target’s 𝑒𝑒−

𝜎𝜎𝑟𝑟𝑒𝑒𝑟𝑟 ∼ 𝜋𝜋𝑔𝑔𝑎𝑎𝑒𝑒2 𝑚𝑚𝑒𝑒𝛿𝛿(𝐸𝐸+ − 𝐸𝐸𝑟𝑟𝑒𝑒𝑟𝑟)

Active 
target

Detector
Single 𝑒𝑒+

• Enormous gain in cross-section, to the cost of having to match  the precise 
resonant energy



• Vary the beam energy directly when possible

• Use energy loss in the target to “scan” naturally various positron energies
 Charged particles in matter undergo “straggling”, bremsstrahlung, etc …
 Builds a secondary population of lower energy particles as part of the E-M shower 

initialisation 
 Distinguishing the signal from background typically implies a cut to enforce

e.g 𝐸𝐸𝑒𝑒+ > 𝐸𝐸𝑏𝑏𝑒𝑒𝑎𝑎𝑏𝑏/2 . Precise cut to be determined experimentally

Resonant production and production rates
How to get to the exact energy?
• Study models with large invisible width Γ𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖
 typical for dark photon with light dark matter
where it decays invisibly with large rate.

See e.g. 1802.04756
See e.g. 1802.03794, 2105.04540



Strong constraint on ”secondary” electron coupling
3-events line: production only

• Significant coverage of 
radiatively-generated 
electron coupling!
 Also covers light dark 
matter solutions, works for 
e.g. 𝐿𝐿𝜇𝜇 − 𝐿𝐿𝜏𝜏

LD, Prelim
inary

• Showing production-only, 3-
events lines, PRELIMINARY

 POKER proposal, SPS-based 
100, 50, 25, 2 GeV 𝑒𝑒+beam
 JLab,  11 GeV 𝑒𝑒+ beam
 LNF, 0.5 GeV 𝑒𝑒+ beam

• Several energy beams needed 
to cover parameter space



GeV-scale FIPs meddling with 𝑎𝑎𝜇𝜇𝐻𝐻𝐻𝐻𝐻𝐻

LD, Grilli di Cortona, Nardi,  Preliminary, 2111.xxxx



Discrepancies in the SM estimate 𝑎𝑎𝜇𝜇𝐻𝐻𝐻𝐻𝐻𝐻

• Currently three anomalies!
• Latest lattice result do not agree 

with data-driven approach
• Neither agree with the 

experimental value
• Within the data driven, ∼ 3𝜎𝜎

disagreement between the two 
main exp. contributions

• We focus on a key ingredient of the data-driven
approach:  Hadronic Vacuum Polarisation component

hadrons

..And with the 𝜏𝜏 hadronic decay data

Muon g-2 Theory Initiative, 2006.04822

hadrons



Shifting 𝑎𝑎𝜇𝜇𝐻𝐻𝐻𝐻𝐻𝐻 from luminosity measurements

• Use the optical theorem to deal with the loop
All the data goes in here, the 𝑒𝑒+𝑒𝑒− → ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙𝑎𝑎𝑠𝑠 (𝛾𝛾) bare cross-
section

• The absolute cross-section is required so the luminosity estimate is critical
• The luminosities in KLOE and BaBar are measured via Bhabha scattering 𝑒𝑒+𝑒𝑒− → 𝑒𝑒+𝑒𝑒− at 

large angles
• We can mimick efficiently this process via  𝑒𝑒+𝑒𝑒− → 𝑉𝑉 → 𝑒𝑒+𝑒𝑒−. For instance, let’s

assume a FIP near the KLOE CoM energy𝑀𝑀𝐻𝐻 ∼ 𝑠𝑠𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 ∼ 𝑀𝑀𝜙𝜙

𝜎𝜎"𝐵𝐵𝐵𝑎𝑎𝑏𝑏𝐵𝑎𝑎"𝑇𝑇𝑟𝑟𝑇𝑇𝑒𝑒 > 𝜎𝜎𝐵𝐵𝐵𝑎𝑎𝑏𝑏𝐵𝑎𝑎𝑆𝑆𝑆𝑆 𝐿𝐿𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝑇𝑇𝑟𝑟𝑇𝑇𝑒𝑒 < 𝐿𝐿𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝑆𝑆𝑆𝑆 𝜎𝜎𝐵𝑎𝑎𝑎𝑎𝑇𝑇𝑟𝑟𝑇𝑇𝑒𝑒 > 𝜎𝜎𝐵𝑎𝑎𝑎𝑎𝑆𝑆𝑆𝑆

KLOE reported a given number of 
Bhabha-like events 𝑁𝑁 ∝ 𝜎𝜎 × 𝐿𝐿𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾

If the luminosity is smaller, then 
larger hadronic CS  𝑁𝑁 ∝ 𝜎𝜎 × 𝐿𝐿𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾



• Resonant FIP production 
at KLOE is required
 Around 2/3 of Δ𝑎𝑎𝜇𝜇 from
NP loop and 1/3 from this
effect

• Solve in one go all 
tensions in Δ𝑎𝑎𝜇𝜇-related
observables !
 Lattice vs Data-driven, 
theory vs experiment, KLOE 
vs BaBar

• Large kinetic mixing
required however

LD, Grilli di Cortona, Nardi,  Preliminary, 2111.xxxx

Requires tuning, but actually works!



Stealthy dark photons
• Use « inelastic dark matter scenario » to 

avoid bounds on dark photons



Get dark matter for free* …

• Semi-visible signatures are difficult
experimental target. E.g in BaBar:
 Visible type searches do not include
missing energy
 Invisible decay/mono-photon cut on the 
𝑒𝑒+𝑒𝑒− decay products

• Target for Belle-II !

LD, Grilli di Cortona, Nardi,  Preliminary, 2111.xxxx

*Via dark Higgs secluded annihilation, the dark Higgs is required in this scenario in any case

Tuning required as expected from
resonant production at KLOE

Mohlabeng 2019,Duer 2019, 
Duer 2020, Laura Zani’s talk



Conclusion



Conclusion 

• Flavoured FIPs have been long used to fit various “precision anomalies”
 Flavour-dependent FIPs are still a viable solutions to provide a fit 𝑔𝑔 − 2 𝑒𝑒/𝜇𝜇
experimental results and provide additional interesting effects

• Next generation of precision beam dump experiments could be sensitive to 
suppressed radiatively-generated 𝑒𝑒−/𝑒𝑒+ couplings from “standard” 𝑔𝑔 − 2 𝜇𝜇
solutions  
 Promising resonant-based strategies

• For FIPs in the GeV mass range, more exotic effects on 𝑔𝑔 − 2 𝜇𝜇 can arise
 A FIP around the KLOE CoM energy could solve in one go all tensions in 
Δ𝑎𝑎𝜇𝜇-related observables !



Backup



Fitting the anomalies, couplings to muons

Going via the Barr-Zee diagram we have for 
instance

For muon : 𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑎𝑎𝜇𝜇 ∼ − 0.001 2 GeV-2

For electron :𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑎𝑎𝑒𝑒 ∼ ± 0.0025 2 GeV-2

• At small FIP masses, 𝑔𝑔 − 2 𝜇𝜇 anomaly typically requires small couplings to muons to 
avoid “overshooting”

𝑔𝑔 − 2 𝜇𝜇 , vector 

around  the 
GeV

Saturation when 𝑚𝑚𝐻𝐻 ∼ 𝑚𝑚𝜇𝜇

𝑔𝑔 − 2 𝜇𝜇 , ALP𝑔𝑔 − 2 𝜇𝜇 , vector 

+ light-by-light 
and 2-loops 
lepton loop 
contributions

Δ𝑎𝑎𝜇𝜇 > 0 for 𝑔𝑔𝐻𝐻𝜇𝜇 ,  Δ𝑎𝑎𝜇𝜇 < 0 for 𝑔𝑔𝐴𝐴𝜇𝜇
Δ𝑎𝑎𝜇𝜇 < 0 Δ𝑎𝑎𝜇𝜇 sign 

free!



Illustrating the resonance
• No effect outside of the resonance: 

safe for other experiments

LD, Grilli di Cortona, Nardi,  Preliminary, 2111.xxxx

• Data-driven estimate quite robust
again a change in a single experiment



Scalar portal

Vector portal

Neutrino portal

SM operator FIPs / dark sector

Axion portal
/ fermion portal

Dark Higgs

Dark photon

HNL

ALP/𝐿𝐿𝜇𝜇- 𝐿𝐿𝜏𝜏…

Dark fermions

Portal interactions
• A simple way of parametrising FIPs interaction with the SM rely on “portal” 

operators
 A neutral particle, must be coupled to a neutral “current” in the SM

Focus 
mostly on 
these two 
portals in 
this talk.

examples …

,𝑉𝑉𝜇𝜇



𝑉𝑉𝜇𝜇
𝜇𝜇

Couplings to photons and electrons
• Even for models focusing on 𝑔𝑔 − 2 𝜇𝜇 , neglecting couplings to 

electrons/photon is not always well-grounded 
 Radiative corrections typically re-introduce the other couplings

• For a vector FIP, kinetic mixing typically arises back from SM fermions loop
 Barring tuning with new UV states, kinetic mixing 
reappears with a loop factor

• For an ALP, couplings are re-generated following 𝑔𝑔𝑎𝑎𝜇𝜇 ⟹ 𝑔𝑔𝑎𝑎𝑎𝑎 ⟹ 𝑔𝑔𝑎𝑎𝑒𝑒
And of course, electron couplings are also required for Δ𝑎𝑎𝑒𝑒 …

The key points is that exp. constraints on photon & electrons are very strong… 

𝜀𝜀 ∼
𝑒𝑒 𝑔𝑔𝐻𝐻𝑉
6𝜋𝜋2

𝑙𝑙𝑙𝑙𝑔𝑔Holdom 1985



Couplings to a dark sector

• Standard example: a vector portal with a 
Majorana fermion
 Relic density: sub-GeV DM requires 𝜀𝜀 ∼ 10−3
suppression

𝑔𝑔𝐷𝐷 ∼ 𝜀𝜀𝑔𝑔1

e.g. Dolan et al. 1709.00009

• Interest in FIPs also driven by building models of thermal sub-GeV DM 

• Most FIP models can be embedded in a light dark matter setup (of course with 
various level of complexity …)

• ALP model with resonant annihilation 
• most light vector FIP models assuming small kinetic mixing

Altogether an extremely rich literature of new “mechanisms” to obtain the relic 
density (Forbidden DM, Secluded DM, Selfish DM, Cannibal DM, etc …)

Motivate including “invisible” decay channels for the FIP



Dark photon/ALP production in 𝑒𝑒+/𝑒𝑒− machines

Associated/mono-𝛾𝛾Bremsstrahlung Primakoff (ALP) Resonant

etc…

All lepton machines Positron beam dump or 𝑒𝑒+𝑒𝑒− colliders 

𝜎𝜎𝑟𝑟𝑒𝑒𝑟𝑟 ∼ 𝜋𝜋𝑔𝑔𝑎𝑎𝑒𝑒2 𝑚𝑚𝑒𝑒𝛿𝛿(𝐸𝐸+ − 𝐸𝐸𝑟𝑟𝑒𝑒𝑟𝑟)

 Electron-only machine mostly rely on Bremsstrahlung/Primakoff from secondary photon
 Positron machine have more channels (annihilation on beam target’s electrons)

We focus primarily on the couplings FIP interactions with 𝑒𝑒 and 𝛾𝛾
 NB: Interesting proposals to use muon beam directly not included (eg. NA64𝜇𝜇) 



Detection strategies: two mass ranges

• 𝑒𝑒+𝑒𝑒− colliders (LEP, BaBaR, Belle-II …): Mono-photon 
search or visible decay
 Large luminosity, background control critical

• Precision beam dumps: typically 𝑒𝑒+ or 𝑒𝑒− machine (NA64, 
PADME, LDMX, etc…). Search for large missing energy 
 Limited by detector response (~1 particle per 10 ns), near zero 
background

• Intensity beam dumps: typically 𝑝𝑝 machines (beam 
neutrinos exp, SHiP). 
 Visible FIP signature in shielded detector ”far” away required

• Complementary strategies: LLP@LHC, rare meson decay, etc…

Missing energy

Be
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• Vary the beam energy (+ radiative 
return)

• Use energy loss in the target to 
“scan” naturally various positron 
energies

Resonant production and production rates
• How to get to the exact energy?

• Study models with large invisible 
width Γ𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖
 typical for 
dark photon with
light dark matter

See e.g. 1802.04756

See e.g. 1802.03794, 2105.04540

Resonant production 
from primary 𝑒𝑒+

Resonant production 
from “degraded” 𝑒𝑒+

𝐸𝐸𝑏𝑏𝑒𝑒𝑎𝑎𝑏𝑏 = 0.5 GeV

Cut at 𝐸𝐸𝑏𝑏𝑖𝑖𝑟𝑟𝑟𝑟 > 100 MeV



Mass dependence

• We fix the ratio between 
the various couplings, 
e.g.
𝑔𝑔𝑎𝑎𝑒𝑒 = 103𝑔𝑔𝑎𝑎𝑎𝑎 = −10 𝑔𝑔𝑎𝑎𝜇𝜇

• The FIP mass 
determines which 
coupling dominates the 
prod. rates
 Has a strong impact on 
the bounds (e.g NA64) 

Adapted from LD, F. Giacchino, E. Nardi, M. Raggi, 2012.07894

Primakoff
dominates

Bremsstrahlung 
dominates



From 
Thomas 
Teubner talk 
at g-2 days 
2021



Example of 
background 
processes, 
estimated by 
LDMX

LDMX collaboration 1808.05219

LDMX collaboration 1808.05219
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