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DM model landscape is broad 

Not a complete list, U.S. Cosmic vision 2017

Theoretical guidance is crucial
 

Cosmological history of DM ?  
Connection to other particle physics long standing questions  

(e.g. strong CP problem and hierarchy problem) ?

DM production mechanism is a powerful guidance to select 
well motivated DM candidates 

Thermal DM acquires its abundance through thermal contact with the Standard Model 
bath. DM mass range: 1 keV-100  TeV



Most of the experimental efforts 
focus on a small region

Weakly Interacting Massive Particles
What if DM interact with us via the weak force (W and Z) ? 

Ubiquitous in SM extensions aimed to solve the hierarchy problem 



Going beyond WIMPS?

Direct detection experiments lose sensitivity& LHC has a limited reach.    
New experimental strategy required  

Focus on the sub-GeV window 

Interesting  mass range for thermal DM: 1 keV-100  TeV



An MeV-GeV particle interacting with the visible sector via new MeV-GeV 
forces could account for the observed DM abundance in the universe 

MeV-GeV thermal DM

DM

✏Fµ⌫F 0µ⌫ gSMA0 = ✏exf
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Dark Photon portal: 
MeV-GeV gauge boson  

kinetically mixed with the photon 
[Holdom 1985]



Experimental probes 

New experimental program is needed

1. DM-electron direct detection experiments (e.g. Essig et al. 2012) 

 2. Low energy/ high intensity experiment



An impressive future effort
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All Experiments (Kinetic Mixing)

U.S. Cosmic vision 2017

Intensity frontier: fixed targets and low energy colliders  

 Dark photon invisible decay Next generation direct detections experiments 



An impressive future effort
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U.S. Cosmic vision 2017

Intensity frontier: fixed targets and low energy colliders  

 Dark photon invisible decay Next generation direct detections experiments 

Is the current experimental 

program sufficient to probe the 

thermal sub-GeV DM paradigm?



Original goal: measuring neutrino masses and mixings                                                               

Neutrino facilities



New proposal goal: use neutrino facilities to search for DM                                                          

Neutrino facilities

[Batell, Pospelov Ritz, 2009]

A relativistic DM beam is produced along the neutrino one.  
DM particles also enter the detector and scatter off electrons and nuclei



How is the DM beam produced?

• Production via meson decay 

High intensity experiments:   
order  1020 protons on target per year!

A′

π0, η

DM

DM
γ

A′

q

q′

DM

DM

On shell production of the mediators is essential 

MeV-GeV gauge boson kinetically mixed with the photon gSMA0 = ✏exf
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MeV-GeV scalar DM  (no tension with cosmology)

• Direct Production  

Type of signature: MeV-GeV mediator decaying into DM



Main challenge: suppression of neutrino background. 
 

How do we detect DM ?

• DM-nucleus scattering 

•  DM-electron scattering

Two observables

Currently only one experimental collaboration (MiniBooNE) is performing DM searches 



DM search @ MiniBooNE
8 GeV p beam

MiniBooNE:800 tons detector

• Light DM analysis in beam dump mode [A.A. Aguilar-Arevalo et al. 2017] 

• Constraints for sub-GeV vector mediator 

• Light DM program calls for a dedicated run to suppress the neutrino 
background ?

540 m



Building a DM program@ accelator 
neutrino facilities  

• Rich and diverse experimental program  

• We are sitting on many datas which might be used to search for DM 
symbiotically to the neutrino program 

• Massive future experimental effort (SBND,ICARUS, HyperK, DUNE)  

• Complementarity to future direct detection experiments (nucleon-DM) 

• Broad class of signals to explore (extend the effort to visible decays, 
other light dark matter scenarios)



DM-electron scattering 

[DeNeverville, CF, 2018]
[DeNeverville, CF,  Shoemaker, 2019 in progress]

Small neutrino background
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540 m

not to scale

900 m

Many possibilities (and existing data) to explore DM parameter space
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Strong sensitivity achieved by recasting 
electron-neutrino elastic scattering analysis

Next step:  can a dedicated analysis
Improve the sensitivity even further?

On going effort with experimental collaboration



 NOvA as a DM detector 
[DeNeverville,CF,Shoemaker, 2019]
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Direct detection for scalar DM 
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Vector Portal: dark photon 
✏Fµ⌫F 0µ⌫ g�A0 ⇠ O(1)
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CMB safe: scalar, Majorana or Pseudo-Dirac DM.

Thermal targets 

 U.S. Cosmic vision 2017
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↵D = 0.5 , mA0 = 3m�
 Izaguirre, Krnjaic, Schuster, Toro,2014



Symbiotic neutrino/DM programs

• NOvA dedicated analysis to light dark matter 

• Study of potential sensitivity of liquid argon detectors such as 
SBND and ICARUS 8 GeV FNAL Booster beam line 

• Prospects to probe DM at DUNE? Study for a dedicated detector  

• Study of the sensitivity to non-minimal dark sectors both @ FNAL 
facilities and @ CERN (i.e. NA62)

Signature for Pseudo-Dirac thermal dark matter @SBND 
CF,Palamara,Szelc, in progress 
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• Study of potential sensitivity of liquid argon detectors such as 
SBND and ICARUS 8 GeV FNAL Booster beam line 

• Prospects to probe DM at DUNE? Study for a dedicated detector  

• Study of the sensitivity to non-minimal dark sectors both @ FNAL 
facilities and @ CERN (i.e. NA62)

Signature for Pseudo-Dirac thermal dark matter @SBND 
CF,Palamara,Szelc, in progress 

Release of a MadGraph plugin (MadDump) to facilitate

these efforts

 ( L.Buonocore, CF, F.Maltoni,O.Mattelaer,F.Tramontano,2018) 



SHiP

Search for long lived particles 

Neutrino detector: looking for invisible signatures 
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SHiP versus SBND
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Accelerator based searches
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Dark photon benchmark model

 Important role played by fixed target experiments 
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All Experiments (Kinetic Mixing)

US cosmic vision 2017 
Izaguirre, Krnjaic, Schuster, Toro, 15

 Dark photon invisible decay 

↵D = 0.5 , mA0 = 3m�



DM-quark scattering 

Complementarity with direct detection program for sub-GeV mass range 

[Dobrescu, CF 2014] 
[Dobrescu, Coloma, CF, Harnik 2015] 

[CF 2017]



DM search @ MiniBooNE
8 GeV p beam

MiniBooNE:800 tons detector

• Light DM analysis in beam dump mode [A.A. Aguilar-Arevalo et al. 2017] 

• Constraints for sub-GeV vector mediator 

• Light DM program calls for a dedicated run to suppress the neutrino 
background ?

540 m
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Fermion c HMz'=3 GeVL
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Off-axis detectors for DM

[Dobrescu, Coloma, CF, Harnik 2015] 

Difference angular distribution of DM and neutrino flux 

Is it possible to build a DM program symbiotic to the neutrino one? 
YES- a crucial role is played by off-axis detectors 



Off-axis detectors for DM
Deep inelastic scattering events 

[Dobrescu, Coloma, CF, Harnik 2015] 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DM-quark scattering in MiniBooNE 
Similar location as future detector ICARUS!
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Same reach with existing data!

[CF,2017][DeNeverville,CF,Shoemaker, in progress]
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Optimal

SBL location
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 Analysis of deep 
 inelastic scattering  

events J/ 
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UV dependent constraints from anomalies 
        [Dobrescu,CF, 2014] [Dror et.al ,2017]

A′

q

q′

DM

DM

In this mass range  
Drell-Yan production 

[Dobrescu, Coloma, CF, Harnik, 2015]  



Symbiotic neutrino/DM programs

•  MiniBooNE dedicated analysis to light dark matter 

• ICARUS: similar location as MiniBooNE: plan to set up the dedicated 
analysis, possible triggers. 
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Outlook

The quest for sub GeV dark matter is in full swing  

A discovery could be around the corner: new data and 
measurements in the next few years will probe interesting regions of 
the parameter space. 
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Outlook

The quest for dark sectors is in full swing  

Highly multidisciplinary effort between different branches of physics 
from particle to nuclear and atomic physics 

A discovery could be around the corner: new data and 
measurements in the next few years will probe interesting regions of 
the parameter space. 



Laboratory probes

• Direct probe: searching for MeV-GeV DM@ 
neutrino facilities 

• Indirect probe: searching for long/medium range 
dark forces via atomic spectroscopy

Strontium atomic clock
MiniBooNE neutrino detector



Atomic probes of new physics 
Atomic spectroscopy measurements reached an extraordinary precision 

( relative error 10-16 -10-18)

Two working experiments: 
PTB Germany, NPL UK

Yb+ ion-clock

Strontium atomic clock

How can we exploit such a precision to probe fundamental physics ?



mediator spin
         s=0,1,2

e-coupling

mediator mass

nucleus-coupling

Spin independent dark forces

This gives rise to an additional contribution to the frequency shift.

�⌫i = yeyNXi
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mediator spin
         s=0,1,2

e-coupling

mediator mass

nucleus-coupling

How do we  probe this new 
contribution? 

A) Precise theoretical prediction versus  experimental measurement                   
(few electrons atoms)

B) A new observable to distinguish new physics signal from “QED 
background” (also many electrons atoms)



Probing new physics with Isotope shift 
atoms with the same number of protons but different number of neutrons

Focus on spin-less isotopes of a given element A and A’

[Berengut, Budker, Delaunay, Flambaum, CF, Fuchs, Grojean, Harnik, Ozeri, Perez, Soreq, 2017]. 
[Delauney,CF,Fuchs,Soreq, 2017]  



Consider an atomic optical transition 
and consider two spin-less isotopes of a given element A and A’

Is the frequency different? How?

⌫Ai ⌫A
0

i

⌫AA0

i = ⌫Ai � ⌫A
0

i

QED effects cancel. Uncertainty greatly reduced  

Isotope Shifts Spectroscopy 



Consider an atomic optical transition 
and consider two spin-less isotopes of a given element A and A’

Is the frequency different? How?

⌫Ai ⌫A
0

i

⌫AA0

i = ⌫Ai � ⌫A
0

i

New Physics contribution only slightly reduced  (A-A’)/A 
 ( at most one order of magnitude suppression for heavy atoms ) 

Isotope Shifts Spectroscopy 

(�⌫AA0

i )NP = yeyN (A�A0)Xi



mass shift field shift 

electronic factors

Optical transition i

QED effects cancel up to: 

Key point: electronic and nuclear dependence is factorised 

Isotope Shifts Spectroscopy 



Given 2 transitions for the same isotopes A and A’

Linear relation

m⌫AA0

i ⌘ ⌫AA0

i /µAA0
<latexit sha1_base64="Mj/k0+E+LBUQOIRc4WFnc4mixgg=">AAACGHicbZC7TgJBFIZn8YZ4W7W0mQhGK9ylUTvQxhITERIWN7PDABNmZte5kJANr2Hjq9hYqLGl820cLoWgfzLJl/+ckzPnjxJGlfa8byezsrq2vpHdzG1t7+zuufsHDyo2EpMajlksGxFShFFBappqRhqJJIhHjNSj/s2kXh8QqWgs7vUwIS2OuoJ2KEbaWqHrFSCHgTAhfUwrsHI6ggF5MnSw4J0H3IQzLIRu3it6U8G/4M8hD+aqhu44aMfYcCI0Zkippu8lupUiqSlmZJQLjCIJwn3UJU2LAnGiWun0shE8sU4bdmJpn9Bw6v6eSBFXasgj28mR7qnl2sT8r9Y0unPZSqlIjCYCzxZ1DIM6hpOYYJtKgjUbWkBYUvtXiHtIIqxtmDkbgr988l+olYpXRf+ulC9fz9PIgiNwDM6ADy5AGdyCKqgBDJ7BK3gHH86L8+Z8Ol+z1owznzkEC3LGP+YBnfE=</latexit><latexit sha1_base64="Mj/k0+E+LBUQOIRc4WFnc4mixgg=">AAACGHicbZC7TgJBFIZn8YZ4W7W0mQhGK9ylUTvQxhITERIWN7PDABNmZte5kJANr2Hjq9hYqLGl820cLoWgfzLJl/+ckzPnjxJGlfa8byezsrq2vpHdzG1t7+zuufsHDyo2EpMajlksGxFShFFBappqRhqJJIhHjNSj/s2kXh8QqWgs7vUwIS2OuoJ2KEbaWqHrFSCHgTAhfUwrsHI6ggF5MnSw4J0H3IQzLIRu3it6U8G/4M8hD+aqhu44aMfYcCI0Zkippu8lupUiqSlmZJQLjCIJwn3UJU2LAnGiWun0shE8sU4bdmJpn9Bw6v6eSBFXasgj28mR7qnl2sT8r9Y0unPZSqlIjCYCzxZ1DIM6hpOYYJtKgjUbWkBYUvtXiHtIIqxtmDkbgr988l+olYpXRf+ulC9fz9PIgiNwDM6ADy5AGdyCKqgBDJ7BK3gHH86L8+Z8Ol+z1owznzkEC3LGP+YBnfE=</latexit><latexit sha1_base64="Mj/k0+E+LBUQOIRc4WFnc4mixgg=">AAACGHicbZC7TgJBFIZn8YZ4W7W0mQhGK9ylUTvQxhITERIWN7PDABNmZte5kJANr2Hjq9hYqLGl820cLoWgfzLJl/+ckzPnjxJGlfa8byezsrq2vpHdzG1t7+zuufsHDyo2EpMajlksGxFShFFBappqRhqJJIhHjNSj/s2kXh8QqWgs7vUwIS2OuoJ2KEbaWqHrFSCHgTAhfUwrsHI6ggF5MnSw4J0H3IQzLIRu3it6U8G/4M8hD+aqhu44aMfYcCI0Zkippu8lupUiqSlmZJQLjCIJwn3UJU2LAnGiWun0shE8sU4bdmJpn9Bw6v6eSBFXasgj28mR7qnl2sT8r9Y0unPZSqlIjCYCzxZ1DIM6hpOYYJtKgjUbWkBYUvtXiHtIIqxtmDkbgr988l+olYpXRf+ulC9fz9PIgiNwDM6ADy5AGdyCKqgBDJ7BK3gHH86L8+Z8Ol+z1owznzkEC3LGP+YBnfE=</latexit><latexit sha1_base64="Mj/k0+E+LBUQOIRc4WFnc4mixgg=">AAACGHicbZC7TgJBFIZn8YZ4W7W0mQhGK9ylUTvQxhITERIWN7PDABNmZte5kJANr2Hjq9hYqLGl820cLoWgfzLJl/+ckzPnjxJGlfa8byezsrq2vpHdzG1t7+zuufsHDyo2EpMajlksGxFShFFBappqRhqJJIhHjNSj/s2kXh8QqWgs7vUwIS2OuoJ2KEbaWqHrFSCHgTAhfUwrsHI6ggF5MnSw4J0H3IQzLIRu3it6U8G/4M8hD+aqhu44aMfYcCI0Zkippu8lupUiqSlmZJQLjCIJwn3UJU2LAnGiWun0shE8sU4bdmJpn9Bw6v6eSBFXasgj28mR7qnl2sT8r9Y0unPZSqlIjCYCzxZ1DIM6hpOYYJtKgjUbWkBYUvtXiHtIIqxtmDkbgr988l+olYpXRf+ulC9fz9PIgiNwDM6ADy5AGdyCKqgBDJ7BK3gHH86L8+Z8Ol+z1owznzkEC3LGP+YBnfE=</latexit>

Factorisation 

F21 ⌘ F2/F1
<latexit sha1_base64="RDaYRIKAt7vRoqpcap5fuPCo/dY=">AAAB/3icbVC7TsMwFHXKq5RXgIGBxaJFYipJFmCrQKoYi0RopTaKHNdprTpOsJ1KVZSFX2FhAMTKb7DxN7htBmg50pWOz7lXvvcECaNSWda3UVpZXVvfKG9WtrZ3dvfM/YMHGacCExfHLBadAEnCKCeuooqRTiIIigJG2sHoZuq3x0RIGvN7NUmIF6EBpyHFSGnJN49qsOlnjp33yGNKx/rhnDd9u+abVatuzQCXiV2QKijQ8s 2vXj/GaUS4wgxJ2bWtRHkZEopiRvJKL5UkQXiEBqSrKUcRkV42OyCHp1rpwzAWuriCM/X3RIYiKSdRoDsjpIZy0ZuK/3ndVIWXXkZ5kirC8fyjMGVQxXCaBuxTQbBiE00QFlTvCvEQCYSVzqyiQ7AXT14mrlO/qtt3TrVxXaRRBsfgBJwBG1yABrgFLeACDHLwDF7Bm/FkvBjvxse8tWQUM4fgD4zPHwb0lE0=</latexit><latexit sha1_base64="RDaYRIKAt7vRoqpcap5fuPCo/dY=">AAAB/3icbVC7TsMwFHXKq5RXgIGBxaJFYipJFmCrQKoYi0RopTaKHNdprTpOsJ1KVZSFX2FhAMTKb7DxN7htBmg50pWOz7lXvvcECaNSWda3UVpZXVvfKG9WtrZ3dvfM/YMHGacCExfHLBadAEnCKCeuooqRTiIIigJG2sHoZuq3x0RIGvN7NUmIF6EBpyHFSGnJN49qsOlnjp33yGNKx/rhnDd9u+abVatuzQCXiV2QKijQ8s 2vXj/GaUS4wgxJ2bWtRHkZEopiRvJKL5UkQXiEBqSrKUcRkV42OyCHp1rpwzAWuriCM/X3RIYiKSdRoDsjpIZy0ZuK/3ndVIWXXkZ5kirC8fyjMGVQxXCaBuxTQbBiE00QFlTvCvEQCYSVzqyiQ7AXT14mrlO/qtt3TrVxXaRRBsfgBJwBG1yABrgFLeACDHLwDF7Bm/FkvBjvxse8tWQUM4fgD4zPHwb0lE0=</latexit><latexit sha1_base64="RDaYRIKAt7vRoqpcap5fuPCo/dY=">AAAB/3icbVC7TsMwFHXKq5RXgIGBxaJFYipJFmCrQKoYi0RopTaKHNdprTpOsJ1KVZSFX2FhAMTKb7DxN7htBmg50pWOz7lXvvcECaNSWda3UVpZXVvfKG9WtrZ3dvfM/YMHGacCExfHLBadAEnCKCeuooqRTiIIigJG2sHoZuq3x0RIGvN7NUmIF6EBpyHFSGnJN49qsOlnjp33yGNKx/rhnDd9u+abVatuzQCXiV2QKijQ8s 2vXj/GaUS4wgxJ2bWtRHkZEopiRvJKL5UkQXiEBqSrKUcRkV42OyCHp1rpwzAWuriCM/X3RIYiKSdRoDsjpIZy0ZuK/3ndVIWXXkZ5kirC8fyjMGVQxXCaBuxTQbBiE00QFlTvCvEQCYSVzqyiQ7AXT14mrlO/qtt3TrVxXaRRBsfgBJwBG1yABrgFLeACDHLwDF7Bm/FkvBjvxse8tWQUM4fgD4zPHwb0lE0=</latexit><latexit sha1_base64="RDaYRIKAt7vRoqpcap5fuPCo/dY=">AAAB/3icbVC7TsMwFHXKq5RXgIGBxaJFYipJFmCrQKoYi0RopTaKHNdprTpOsJ1KVZSFX2FhAMTKb7DxN7htBmg50pWOz7lXvvcECaNSWda3UVpZXVvfKG9WtrZ3dvfM/YMHGacCExfHLBadAEnCKCeuooqRTiIIigJG2sHoZuq3x0RIGvN7NUmIF6EBpyHFSGnJN49qsOlnjp33yGNKx/rhnDd9u+abVatuzQCXiV2QKijQ8s 2vXj/GaUS4wgxJ2bWtRHkZEopiRvJKL5UkQXiEBqSrKUcRkV42OyCHp1rpwzAWuriCM/X3RIYiKSdRoDsjpIZy0ZuK/3ndVIWXXkZ5kirC8fyjMGVQxXCaBuxTQbBiE00QFlTvCvEQCYSVzqyiQ7AXT14mrlO/qtt3TrVxXaRRBsfgBJwBG1yABrgFLeACDHLwDF7Bm/FkvBjvxse8tWQUM4fgD4zPHwb0lE0=</latexit>

K21 ⌘ K2/K1 � F21K1
<latexit sha1_base64="ZJNmqxOh4mA+kN6ekL/+tMfb1Bc=">AAACCnicbVC7TsMwFHXKq5RXgJHFaovEQomzAFsFEkLqUiRCK7VR5LhOa9V5YDuVqqg7C7/CwgCIlS9g429w0w5QOJKlc8+5V9f3+AlnUlnWl1FYWl5ZXSuulzY2t7Z3zN29OxmnglCHxDwWbR9LyllEHcUUp+1EUBz6nLb84eXUb42okCyObtU4oW6I+xELGMFKS55ZrsKGl9lo0qX3KRvpwj5peOj4Khd1iaqeWbFqVg74l6A5qYA5mp752e3FJA1ppAjHUnaQlSg3w0Ixwumk1E0lTTAZ4j7taBrhkEo3y2+ZwEOt9GAQC/0iBXP150SGQynHoa87Q6wGctGbiv95nVQFZ27GoiRVNCKzRUHKoYrhNBjYY4ISxceaYCKY/iskAywwUTq+kg4BLZ78lzh27byGbuxK/WKeRhEcgDI4Agicgjq4Bk3gAAIewBN4Aa/Go/FsvBnvs9aCMZ/ZB79gfHwD27eX8g==</latexit><latexit sha1_base64="ZJNmqxOh4mA+kN6ekL/+tMfb1Bc=">AAACCnicbVC7TsMwFHXKq5RXgJHFaovEQomzAFsFEkLqUiRCK7VR5LhOa9V5YDuVqqg7C7/CwgCIlS9g429w0w5QOJKlc8+5V9f3+AlnUlnWl1FYWl5ZXSuulzY2t7Z3zN29OxmnglCHxDwWbR9LyllEHcUUp+1EUBz6nLb84eXUb42okCyObtU4oW6I+xELGMFKS55ZrsKGl9lo0qX3KRvpwj5peOj4Khd1iaqeWbFqVg74l6A5qYA5mp752e3FJA1ppAjHUnaQlSg3w0Ixwumk1E0lTTAZ4j7taBrhkEo3y2+ZwEOt9GAQC/0iBXP150SGQynHoa87Q6wGctGbiv95nVQFZ27GoiRVNCKzRUHKoYrhNBjYY4ISxceaYCKY/iskAywwUTq+kg4BLZ78lzh27byGbuxK/WKeRhEcgDI4Agicgjq4Bk3gAAIewBN4Aa/Go/FsvBnvs9aCMZ/ZB79gfHwD27eX8g==</latexit><latexit sha1_base64="ZJNmqxOh4mA+kN6ekL/+tMfb1Bc=">AAACCnicbVC7TsMwFHXKq5RXgJHFaovEQomzAFsFEkLqUiRCK7VR5LhOa9V5YDuVqqg7C7/CwgCIlS9g429w0w5QOJKlc8+5V9f3+AlnUlnWl1FYWl5ZXSuulzY2t7Z3zN29OxmnglCHxDwWbR9LyllEHcUUp+1EUBz6nLb84eXUb42okCyObtU4oW6I+xELGMFKS55ZrsKGl9lo0qX3KRvpwj5peOj4Khd1iaqeWbFqVg74l6A5qYA5mp752e3FJA1ppAjHUnaQlSg3w0Ixwumk1E0lTTAZ4j7taBrhkEo3y2+ZwEOt9GAQC/0iBXP150SGQynHoa87Q6wGctGbiv95nVQFZ27GoiRVNCKzRUHKoYrhNBjYY4ISxceaYCKY/iskAywwUTq+kg4BLZ78lzh27byGbuxK/WKeRhEcgDI4Agicgjq4Bk3gAAIewBN4Aa/Go/FsvBnvs9aCMZ/ZB79gfHwD27eX8g==</latexit><latexit sha1_base64="ZJNmqxOh4mA+kN6ekL/+tMfb1Bc=">AAACCnicbVC7TsMwFHXKq5RXgJHFaovEQomzAFsFEkLqUiRCK7VR5LhOa9V5YDuVqqg7C7/CwgCIlS9g429w0w5QOJKlc8+5V9f3+AlnUlnWl1FYWl5ZXSuulzY2t7Z3zN29OxmnglCHxDwWbR9LyllEHcUUp+1EUBz6nLb84eXUb42okCyObtU4oW6I+xELGMFKS55ZrsKGl9lo0qX3KRvpwj5peOj4Khd1iaqeWbFqVg74l6A5qYA5mp752e3FJA1ppAjHUnaQlSg3w0Ixwumk1E0lTTAZ4j7taBrhkEo3y2+ZwEOt9GAQC/0iBXP150SGQynHoa87Q6wGctGbiv95nVQFZ27GoiRVNCKzRUHKoYrhNBjYY4ISxceaYCKY/iskAywwUTq+kg4BLZ78lzh27byGbuxK/WKeRhEcgDI4Agicgjq4Bk3gAAIewBN4Aa/Go/FsvBnvs9aCMZ/ZB79gfHwD27eX8g==</latexit>

i = 1, 2
<latexit sha1_base64="fTMinctWgrY251CNxMR8ThVPLmA=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFhPBQsJdGrUQgjaWETwTSI6wt9lLluztnrt7QjjyJ2wsVGz9PXb+GzfJFZr4YODx3gwz88KEM21c99sprKyurW8UN0tb2zu7e+X9gwctU0WoTySXqh1iTTkT1DfMcNpOFMVxyGkrHN1M/dYTVZpJcW/GCQ1iPBAsYgQbK7WriF15Z/Vqr1xxa+4MaJl4OalAjmav/NXtS5LGVBjCsdYdz01MkGFlGOF0UuqmmiaYjPCAdiwVOKY6yGb3TtCJVfooksqWMGim/p7IcKz1OA5tZ4zNUC96U/E/r5Oa6CLImEhSQwWZL4pSjoxE0+dRnylKDB9bgoli9lZEhlhhYmxEJRuCt/jyMvHrtcuad1evNK7zNIpwBMdwCh6cQwNuoQk+EODwDK/w5jw6L8678zFvLTj5zCH8gfP5AxdUjjk=</latexit><latexit sha1_base64="fTMinctWgrY251CNxMR8ThVPLmA=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFhPBQsJdGrUQgjaWETwTSI6wt9lLluztnrt7QjjyJ2wsVGz9PXb+GzfJFZr4YODx3gwz88KEM21c99sprKyurW8UN0tb2zu7e+X9gwctU0WoTySXqh1iTTkT1DfMcNpOFMVxyGkrHN1M/dYTVZpJcW/GCQ1iPBAsYgQbK7WriF15Z/Vqr1xxa+4MaJl4OalAjmav/NXtS5LGVBjCsdYdz01MkGFlGOF0UuqmmiaYjPCAdiwVOKY6yGb3TtCJVfooksqWMGim/p7IcKz1OA5tZ4zNUC96U/E/r5Oa6CLImEhSQwWZL4pSjoxE0+dRnylKDB9bgoli9lZEhlhhYmxEJRuCt/jyMvHrtcuad1evNK7zNIpwBMdwCh6cQwNuoQk+EODwDK/w5jw6L8678zFvLTj5zCH8gfP5AxdUjjk=</latexit><latexit sha1_base64="fTMinctWgrY251CNxMR8ThVPLmA=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFhPBQsJdGrUQgjaWETwTSI6wt9lLluztnrt7QjjyJ2wsVGz9PXb+GzfJFZr4YODx3gwz88KEM21c99sprKyurW8UN0tb2zu7e+X9gwctU0WoTySXqh1iTTkT1DfMcNpOFMVxyGkrHN1M/dYTVZpJcW/GCQ1iPBAsYgQbK7WriF15Z/Vqr1xxa+4MaJl4OalAjmav/NXtS5LGVBjCsdYdz01MkGFlGOF0UuqmmiaYjPCAdiwVOKY6yGb3TtCJVfooksqWMGim/p7IcKz1OA5tZ4zNUC96U/E/r5Oa6CLImEhSQwWZL4pSjoxE0+dRnylKDB9bgoli9lZEhlhhYmxEJRuCt/jyMvHrtcuad1evNK7zNIpwBMdwCh6cQwNuoQk+EODwDK/w5jw6L8678zFvLTj5zCH8gfP5AxdUjjk=</latexit><latexit sha1_base64="fTMinctWgrY251CNxMR8ThVPLmA=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFhPBQsJdGrUQgjaWETwTSI6wt9lLluztnrt7QjjyJ2wsVGz9PXb+GzfJFZr4YODx3gwz88KEM21c99sprKyurW8UN0tb2zu7e+X9gwctU0WoTySXqh1iTTkT1DfMcNpOFMVxyGkrHN1M/dYTVZpJcW/GCQ1iPBAsYgQbK7WriF15Z/Vqr1xxa+4MaJl4OalAjmav/NXtS5LGVBjCsdYdz01MkGFlGOF0UuqmmiaYjPCAdiwVOKY6yGb3TtCJVfooksqWMGim/p7IcKz1OA5tZ4zNUC96U/E/r5Oa6CLImEhSQwWZL4pSjoxE0+dRnylKDB9bgoli9lZEhlhhYmxEJRuCt/jyMvHrtcuad1evNK7zNIpwBMdwCh6cQwNuoQk+EODwDK/w5jw6L8678zFvLTj5zCH8gfP5AxdUjjk=</latexit>

Slope Offset  

m⌫2 = F21m⌫1 +K21
<latexit sha1_base64="9xrBKiVraKsokzP7cOxw9H2GZkQ=">AAACDHicbZDNSsNAFIUn/tb6F3XpZrAVBKEk2agLoSiI4KaCsYU2hMl02g6dmYSZiVBCX8CNr+LGhYpbH8Cdb+M0zUJbDwwcvnsvd+6JEkaVdpxva2FxaXlltbRWXt/Y3Nq2d3bvVZxKTHwcs1i2IqQIo4L4mmpGWokkiEeMNKPh5aTefCBS0Vjc6VFCAo76gvYoRtqg0K5WIYcdkYYePIdXYea54wK48Bje5KAa2hWn5uSC88YtTAUUaoT2V6cb45QToTFDSrVdJ9FBhqSmmJFxuZMqkiA8RH3SNlYgTlSQ5deM4aEhXdiLpXlCw5z+nsgQV2rEI9PJkR6o2doE/ldrp7p3GmRUJKkmAk8X9VIGdQwn0cAulQRrNjIGYUnNXyEeIImwNgGWTQju7MnzxvdqZzX31qvUL4o0SmAfHIAj4IITUAfXoAF8gMEjeAav4M16sl6sd+tj2rpgFTN74I+szx89rJgT</latexit><latexit sha1_base64="9xrBKiVraKsokzP7cOxw9H2GZkQ=">AAACDHicbZDNSsNAFIUn/tb6F3XpZrAVBKEk2agLoSiI4KaCsYU2hMl02g6dmYSZiVBCX8CNr+LGhYpbH8Cdb+M0zUJbDwwcvnsvd+6JEkaVdpxva2FxaXlltbRWXt/Y3Nq2d3bvVZxKTHwcs1i2IqQIo4L4mmpGWokkiEeMNKPh5aTefCBS0Vjc6VFCAo76gvYoRtqg0K5WIYcdkYYePIdXYea54wK48Bje5KAa2hWn5uSC88YtTAUUaoT2V6cb45QToTFDSrVdJ9FBhqSmmJFxuZMqkiA8RH3SNlYgTlSQ5deM4aEhXdiLpXlCw5z+nsgQV2rEI9PJkR6o2doE/ldrp7p3GmRUJKkmAk8X9VIGdQwn0cAulQRrNjIGYUnNXyEeIImwNgGWTQju7MnzxvdqZzX31qvUL4o0SmAfHIAj4IITUAfXoAF8gMEjeAav4M16sl6sd+tj2rpgFTN74I+szx89rJgT</latexit><latexit sha1_base64="9xrBKiVraKsokzP7cOxw9H2GZkQ=">AAACDHicbZDNSsNAFIUn/tb6F3XpZrAVBKEk2agLoSiI4KaCsYU2hMl02g6dmYSZiVBCX8CNr+LGhYpbH8Cdb+M0zUJbDwwcvnsvd+6JEkaVdpxva2FxaXlltbRWXt/Y3Nq2d3bvVZxKTHwcs1i2IqQIo4L4mmpGWokkiEeMNKPh5aTefCBS0Vjc6VFCAo76gvYoRtqg0K5WIYcdkYYePIdXYea54wK48Bje5KAa2hWn5uSC88YtTAUUaoT2V6cb45QToTFDSrVdJ9FBhqSmmJFxuZMqkiA8RH3SNlYgTlSQ5deM4aEhXdiLpXlCw5z+nsgQV2rEI9PJkR6o2doE/ldrp7p3GmRUJKkmAk8X9VIGdQwn0cAulQRrNjIGYUnNXyEeIImwNgGWTQju7MnzxvdqZzX31qvUL4o0SmAfHIAj4IITUAfXoAF8gMEjeAav4M16sl6sd+tj2rpgFTN74I+szx89rJgT</latexit><latexit sha1_base64="9xrBKiVraKsokzP7cOxw9H2GZkQ=">AAACDHicbZDNSsNAFIUn/tb6F3XpZrAVBKEk2agLoSiI4KaCsYU2hMl02g6dmYSZiVBCX8CNr+LGhYpbH8Cdb+M0zUJbDwwcvnsvd+6JEkaVdpxva2FxaXlltbRWXt/Y3Nq2d3bvVZxKTHwcs1i2IqQIo4L4mmpGWokkiEeMNKPh5aTefCBS0Vjc6VFCAo76gvYoRtqg0K5WIYcdkYYePIdXYea54wK48Bje5KAa2hWn5uSC88YtTAUUaoT2V6cb45QToTFDSrVdJ9FBhqSmmJFxuZMqkiA8RH3SNlYgTlSQ5deM4aEhXdiLpXlCw5z+nsgQV2rEI9PJkR6o2doE/ldrp7p3GmRUJKkmAk8X9VIGdQwn0cAulQRrNjIGYUnNXyEeIImwNgGWTQju7MnzxvdqZzX31qvUL4o0SmAfHIAj4IITUAfXoAF8gMEjeAav4M16sl6sd+tj2rpgFTN74I+szx89rJgT</latexit>

King’s linearity 

At what level does this relation hold? 

[Flaumbam et al 2017 for theory estimates] 



King’s Plot
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[Geber et al. 2015]

Considering then 3 pairs of isotopes

m⌫2 = F21m⌫1 +K21
<latexit sha1_base64="9xrBKiVraKsokzP7cOxw9H2GZkQ=">AAACDHicbZDNSsNAFIUn/tb6F3XpZrAVBKEk2agLoSiI4KaCsYU2hMl02g6dmYSZiVBCX8CNr+LGhYpbH8Cdb+M0zUJbDwwcvnsvd+6JEkaVdpxva2FxaXlltbRWXt/Y3Nq2d3bvVZxKTHwcs1i2IqQIo4L4mmpGWokkiEeMNKPh5aTefCBS0Vjc6VFCAo76gvYoRtqg0K5WIYcdkYYePIdXYea54wK48Bje5KAa2hWn5uSC88YtTAUUaoT2V6cb45QToTFDSrVdJ9FBhqSmmJFxuZMqkiA8RH3SNlYgTlSQ5deM4aEhXdiLpXlCw5z+nsgQV2rEI9PJkR6o2doE/ldrp7p3GmRUJKkmAk8X9VIGdQwn0cAulQRrNjIGYUnNXyEeIImwNgGWTQju7MnzxvdqZzX31qvUL4o0SmAfHIAj4IITUAfXoAF8gMEjeAav4M16sl6sd+tj2rpgFTN74I+szx89rJgT</latexit><latexit sha1_base64="9xrBKiVraKsokzP7cOxw9H2GZkQ=">AAACDHicbZDNSsNAFIUn/tb6F3XpZrAVBKEk2agLoSiI4KaCsYU2hMl02g6dmYSZiVBCX8CNr+LGhYpbH8Cdb+M0zUJbDwwcvnsvd+6JEkaVdpxva2FxaXlltbRWXt/Y3Nq2d3bvVZxKTHwcs1i2IqQIo4L4mmpGWokkiEeMNKPh5aTefCBS0Vjc6VFCAo76gvYoRtqg0K5WIYcdkYYePIdXYea54wK48Bje5KAa2hWn5uSC88YtTAUUaoT2V6cb45QToTFDSrVdJ9FBhqSmmJFxuZMqkiA8RH3SNlYgTlSQ5deM4aEhXdiLpXlCw5z+nsgQV2rEI9PJkR6o2doE/ldrp7p3GmRUJKkmAk8X9VIGdQwn0cAulQRrNjIGYUnNXyEeIImwNgGWTQju7MnzxvdqZzX31qvUL4o0SmAfHIAj4IITUAfXoAF8gMEjeAav4M16sl6sd+tj2rpgFTN74I+szx89rJgT</latexit><latexit sha1_base64="9xrBKiVraKsokzP7cOxw9H2GZkQ=">AAACDHicbZDNSsNAFIUn/tb6F3XpZrAVBKEk2agLoSiI4KaCsYU2hMl02g6dmYSZiVBCX8CNr+LGhYpbH8Cdb+M0zUJbDwwcvnsvd+6JEkaVdpxva2FxaXlltbRWXt/Y3Nq2d3bvVZxKTHwcs1i2IqQIo4L4mmpGWokkiEeMNKPh5aTefCBS0Vjc6VFCAo76gvYoRtqg0K5WIYcdkYYePIdXYea54wK48Bje5KAa2hWn5uSC88YtTAUUaoT2V6cb45QToTFDSrVdJ9FBhqSmmJFxuZMqkiA8RH3SNlYgTlSQ5deM4aEhXdiLpXlCw5z+nsgQV2rEI9PJkR6o2doE/ldrp7p3GmRUJKkmAk8X9VIGdQwn0cAulQRrNjIGYUnNXyEeIImwNgGWTQju7MnzxvdqZzX31qvUL4o0SmAfHIAj4IITUAfXoAF8gMEjeAav4M16sl6sd+tj2rpgFTN74I+szx89rJgT</latexit><latexit sha1_base64="9xrBKiVraKsokzP7cOxw9H2GZkQ=">AAACDHicbZDNSsNAFIUn/tb6F3XpZrAVBKEk2agLoSiI4KaCsYU2hMl02g6dmYSZiVBCX8CNr+LGhYpbH8Cdb+M0zUJbDwwcvnsvd+6JEkaVdpxva2FxaXlltbRWXt/Y3Nq2d3bvVZxKTHwcs1i2IqQIo4L4mmpGWokkiEeMNKPh5aTefCBS0Vjc6VFCAo76gvYoRtqg0K5WIYcdkYYePIdXYea54wK48Bje5KAa2hWn5uSC88YtTAUUaoT2V6cb45QToTFDSrVdJ9FBhqSmmJFxuZMqkiA8RH3SNlYgTlSQ5deM4aEhXdiLpXlCw5z+nsgQV2rEI9PJkR6o2doE/ldrp7p3GmRUJKkmAk8X9VIGdQwn0cAulQRrNjIGYUnNXyEeIImwNgGWTQju7MnzxvdqZzX31qvUL4o0SmAfHIAj4IITUAfXoAF8gMEjeAav4M16sl6sd+tj2rpgFTN74I+szx89rJgT</latexit>

Linearity verified at 1/10^4 level 



Adding the contribution of a new spin independent dark force 
[CF et al , 2017]

NP electronic factors Xi: the only theoretical inputs (depend on 
mediator mass) calculated using many-body perturbation theory  
[Berengut et al. 2005]

m⌫2 = F21m⌫1 +K21 + yeynAA0X21
<latexit sha1_base64="5hVow1P3mvFy/CXDVhbOAOxKEZk=">AAACInicbZBdSwJBFIZn7cvsy+qym0MaBYLsetMHBFoQQTcGmYLKMjuOOjg7u8zMBrL4X7rpr3TTRV9XQT+mUfeitBcOvDznHGbO64WcKW3bX1ZqYXFpeSW9mllb39jcym7v3KsgkoTWSMAD2fCwopwJWtNMc9oIJcW+x2ndG1yO+/UHKhULxJ0ehrTt455gXUawNsjNnuXBh5aI3BKcw5Ubl5xRAhwowM0UFGDoUlMCKlA5hMaE5t1szi7aE8G8cRKTQ4mqbvaj1QlI5FOhCcdKNR071O0YS80Ip6NMK1I0xGSAe7RprMA+Ve14cuMIDgzpQDeQpoSGCf29EWNfqaHvmUkf676a7Y3hf71mpLsn7ZiJMNJUkOlD3YiDDmAcGHSYpETzoTGYSGb+CqSPJSbaxJoxITizJ8+bWql4WnRuS7nyRZJGGu2hfXSEHHSMyugaVVENEfSIntErerOerBfr3fqcjqasZGcX/ZH1/QPlgJ8Y</latexit><latexit sha1_base64="5hVow1P3mvFy/CXDVhbOAOxKEZk=">AAACInicbZBdSwJBFIZn7cvsy+qym0MaBYLsetMHBFoQQTcGmYLKMjuOOjg7u8zMBrL4X7rpr3TTRV9XQT+mUfeitBcOvDznHGbO64WcKW3bX1ZqYXFpeSW9mllb39jcym7v3KsgkoTWSMAD2fCwopwJWtNMc9oIJcW+x2ndG1yO+/UHKhULxJ0ehrTt455gXUawNsjNnuXBh5aI3BKcw5Ubl5xRAhwowM0UFGDoUlMCKlA5hMaE5t1szi7aE8G8cRKTQ4mqbvaj1QlI5FOhCcdKNR071O0YS80Ip6NMK1I0xGSAe7RprMA+Ve14cuMIDgzpQDeQpoSGCf29EWNfqaHvmUkf676a7Y3hf71mpLsn7ZiJMNJUkOlD3YiDDmAcGHSYpETzoTGYSGb+CqSPJSbaxJoxITizJ8+bWql4WnRuS7nyRZJGGu2hfXSEHHSMyugaVVENEfSIntErerOerBfr3fqcjqasZGcX/ZH1/QPlgJ8Y</latexit><latexit sha1_base64="5hVow1P3mvFy/CXDVhbOAOxKEZk=">AAACInicbZBdSwJBFIZn7cvsy+qym0MaBYLsetMHBFoQQTcGmYLKMjuOOjg7u8zMBrL4X7rpr3TTRV9XQT+mUfeitBcOvDznHGbO64WcKW3bX1ZqYXFpeSW9mllb39jcym7v3KsgkoTWSMAD2fCwopwJWtNMc9oIJcW+x2ndG1yO+/UHKhULxJ0ehrTt455gXUawNsjNnuXBh5aI3BKcw5Ubl5xRAhwowM0UFGDoUlMCKlA5hMaE5t1szi7aE8G8cRKTQ4mqbvaj1QlI5FOhCcdKNR071O0YS80Ip6NMK1I0xGSAe7RprMA+Ve14cuMIDgzpQDeQpoSGCf29EWNfqaHvmUkf676a7Y3hf71mpLsn7ZiJMNJUkOlD3YiDDmAcGHSYpETzoTGYSGb+CqSPJSbaxJoxITizJ8+bWql4WnRuS7nyRZJGGu2hfXSEHHSMyugaVVENEfSIntErerOerBfr3fqcjqasZGcX/ZH1/QPlgJ8Y</latexit><latexit sha1_base64="5hVow1P3mvFy/CXDVhbOAOxKEZk=">AAACInicbZBdSwJBFIZn7cvsy+qym0MaBYLsetMHBFoQQTcGmYLKMjuOOjg7u8zMBrL4X7rpr3TTRV9XQT+mUfeitBcOvDznHGbO64WcKW3bX1ZqYXFpeSW9mllb39jcym7v3KsgkoTWSMAD2fCwopwJWtNMc9oIJcW+x2ndG1yO+/UHKhULxJ0ehrTt455gXUawNsjNnuXBh5aI3BKcw5Ubl5xRAhwowM0UFGDoUlMCKlA5hMaE5t1szi7aE8G8cRKTQ4mqbvaj1QlI5FOhCcdKNR071O0YS80Ip6NMK1I0xGSAe7RprMA+Ve14cuMIDgzpQDeQpoSGCf29EWNfqaHvmUkf676a7Y3hf71mpLsn7ZiJMNJUkOlD3YiDDmAcGHSYpETzoTGYSGb+CqSPJSbaxJoxITizJ8+bWql4WnRuS7nyRZJGGu2hfXSEHHSMyugaVVENEfSIntErerOerBfr3fqcjqasZGcX/ZH1/QPlgJ8Y</latexit>

Neutron coupling

X21 = X2 � F21X1
<latexit sha1_base64="+0FgCB0yr2UeWE9U5rt5ZbF7CXc=">AAACBXicbZDLSsNAFIZP6q3WW9SlCIOt4MaSZKMuhKIgLitYG2hDmEwn7dDJhZmJUEJXbnwVNy5U3PoO7nwbp20WWv1h4Jv/nMPM+YOUM6ks68soLSwuLa+UVytr6xubW+b2zp1MMkFoiyQ8EW6AJeUspi3FFKduKiiOAk7bwfByUm/fUyFZEt+qUUq9CPdjFjKClbZ8c7+GkOvnjj1G5xocdIyuZlfXt2u+WbXq1lToL9gFVKFQ0zc/u72EZBGNFeFYyo5tpcrLsVCMcDqudDNJU0yGuE87GmMcUenl0zXG6FA7PRQmQp9Yoan7cyLHkZSjKNCdEVYDOV+bmP/VOpkKT72cxWmmaExmD4UZRypBk0xQjwlKFB9pwEQw/VdEBlhgonRyFR2CPb/yX2g59bO6feNUGxdFGmXYgwM4AhtOoAHX0IQWEHiAJ3iBV+PReDbejPdZa8koZnbhl4yPb9CjlRQ=</latexit><latexit sha1_base64="+0FgCB0yr2UeWE9U5rt5ZbF7CXc=">AAACBXicbZDLSsNAFIZP6q3WW9SlCIOt4MaSZKMuhKIgLitYG2hDmEwn7dDJhZmJUEJXbnwVNy5U3PoO7nwbp20WWv1h4Jv/nMPM+YOUM6ks68soLSwuLa+UVytr6xubW+b2zp1MMkFoiyQ8EW6AJeUspi3FFKduKiiOAk7bwfByUm/fUyFZEt+qUUq9CPdjFjKClbZ8c7+GkOvnjj1G5xocdIyuZlfXt2u+WbXq1lToL9gFVKFQ0zc/u72EZBGNFeFYyo5tpcrLsVCMcDqudDNJU0yGuE87GmMcUenl0zXG6FA7PRQmQp9Yoan7cyLHkZSjKNCdEVYDOV+bmP/VOpkKT72cxWmmaExmD4UZRypBk0xQjwlKFB9pwEQw/VdEBlhgonRyFR2CPb/yX2g59bO6feNUGxdFGmXYgwM4AhtOoAHX0IQWEHiAJ3iBV+PReDbejPdZa8koZnbhl4yPb9CjlRQ=</latexit><latexit sha1_base64="+0FgCB0yr2UeWE9U5rt5ZbF7CXc=">AAACBXicbZDLSsNAFIZP6q3WW9SlCIOt4MaSZKMuhKIgLitYG2hDmEwn7dDJhZmJUEJXbnwVNy5U3PoO7nwbp20WWv1h4Jv/nMPM+YOUM6ks68soLSwuLa+UVytr6xubW+b2zp1MMkFoiyQ8EW6AJeUspi3FFKduKiiOAk7bwfByUm/fUyFZEt+qUUq9CPdjFjKClbZ8c7+GkOvnjj1G5xocdIyuZlfXt2u+WbXq1lToL9gFVKFQ0zc/u72EZBGNFeFYyo5tpcrLsVCMcDqudDNJU0yGuE87GmMcUenl0zXG6FA7PRQmQp9Yoan7cyLHkZSjKNCdEVYDOV+bmP/VOpkKT72cxWmmaExmD4UZRypBk0xQjwlKFB9pwEQw/VdEBlhgonRyFR2CPb/yX2g59bO6feNUGxdFGmXYgwM4AhtOoAHX0IQWEHiAJ3iBV+PReDbejPdZa8koZnbhl4yPb9CjlRQ=</latexit><latexit sha1_base64="+0FgCB0yr2UeWE9U5rt5ZbF7CXc=">AAACBXicbZDLSsNAFIZP6q3WW9SlCIOt4MaSZKMuhKIgLitYG2hDmEwn7dDJhZmJUEJXbnwVNy5U3PoO7nwbp20WWv1h4Jv/nMPM+YOUM6ks68soLSwuLa+UVytr6xubW+b2zp1MMkFoiyQ8EW6AJeUspi3FFKduKiiOAk7bwfByUm/fUyFZEt+qUUq9CPdjFjKClbZ8c7+GkOvnjj1G5xocdIyuZlfXt2u+WbXq1lToL9gFVKFQ0zc/u72EZBGNFeFYyo5tpcrLsVCMcDqudDNJU0yGuE87GmMcUenl0zXG6FA7PRQmQp9Yoan7cyLHkZSjKNCdEVYDOV+bmP/VOpkKT72cxWmmaExmD4UZRypBk0xQjwlKFB9pwEQw/VdEBlhgonRyFR2CPb/yX2g59bO6feNUGxdFGmXYgwM4AhtOoAHX0IQWEHiAJ3iBV+PReDbejPdZa8koZnbhl4yPb9CjlRQ=</latexit>

Non linearity from BSM unless: Xi / Fi
<latexit sha1_base64="jsTz9uHiwT4CNPPd+8ZnC3crv8U=">AAAB+3icbVBNSwMxEM3Wr1q/Vnv0EmwFT2W3F/VWFMRjBdcW2mXJptk2NJuEJCsspf4VLx5UvPpHvPlvTNs9aOuDgcd7M8zMiyWj2njet1NaW9/Y3CpvV3Z29/YP3MOjBy0yhUmABROqGyNNGOUkMNQw0pWKoDRmpBOPr2d+55EoTQW/N7kkYYqGnCYUI2OlyK3WIexGFPalEtIIeBPReuTWvIY3B1wlfkFqoEA7cr/6A4GzlHCDGdK653vShBOkDMWMTCv9TBOJ8BgNSc9SjlKiw8n8+Ck8tcoAJkLZ4gbO1d8TE5Rqnaex7UyRGellbyb+5/Uyk1yEE8plZgjHi0VJxqD9cpYEHFBFsGG5JQgram+FeIQUwsbmVbEh+Msvr5Kg2bhs+HfNWuuqSKMMjsEJOAM+OActcAvaIAAY5OAZvII358l5cd6dj0VrySlmquAPnM8f5WmTMQ==</latexit><latexit sha1_base64="jsTz9uHiwT4CNPPd+8ZnC3crv8U=">AAAB+3icbVBNSwMxEM3Wr1q/Vnv0EmwFT2W3F/VWFMRjBdcW2mXJptk2NJuEJCsspf4VLx5UvPpHvPlvTNs9aOuDgcd7M8zMiyWj2njet1NaW9/Y3CpvV3Z29/YP3MOjBy0yhUmABROqGyNNGOUkMNQw0pWKoDRmpBOPr2d+55EoTQW/N7kkYYqGnCYUI2OlyK3WIexGFPalEtIIeBPReuTWvIY3B1wlfkFqoEA7cr/6A4GzlHCDGdK653vShBOkDMWMTCv9TBOJ8BgNSc9SjlKiw8n8+Ck8tcoAJkLZ4gbO1d8TE5Rqnaex7UyRGellbyb+5/Uyk1yEE8plZgjHi0VJxqD9cpYEHFBFsGG5JQgram+FeIQUwsbmVbEh+Msvr5Kg2bhs+HfNWuuqSKMMjsEJOAM+OActcAvaIAAY5OAZvII358l5cd6dj0VrySlmquAPnM8f5WmTMQ==</latexit><latexit sha1_base64="jsTz9uHiwT4CNPPd+8ZnC3crv8U=">AAAB+3icbVBNSwMxEM3Wr1q/Vnv0EmwFT2W3F/VWFMRjBdcW2mXJptk2NJuEJCsspf4VLx5UvPpHvPlvTNs9aOuDgcd7M8zMiyWj2njet1NaW9/Y3CpvV3Z29/YP3MOjBy0yhUmABROqGyNNGOUkMNQw0pWKoDRmpBOPr2d+55EoTQW/N7kkYYqGnCYUI2OlyK3WIexGFPalEtIIeBPReuTWvIY3B1wlfkFqoEA7cr/6A4GzlHCDGdK653vShBOkDMWMTCv9TBOJ8BgNSc9SjlKiw8n8+Ck8tcoAJkLZ4gbO1d8TE5Rqnaex7UyRGellbyb+5/Uyk1yEE8plZgjHi0VJxqD9cpYEHFBFsGG5JQgram+FeIQUwsbmVbEh+Msvr5Kg2bhs+HfNWuuqSKMMjsEJOAM+OActcAvaIAAY5OAZvII358l5cd6dj0VrySlmquAPnM8f5WmTMQ==</latexit><latexit sha1_base64="jsTz9uHiwT4CNPPd+8ZnC3crv8U=">AAAB+3icbVBNSwMxEM3Wr1q/Vnv0EmwFT2W3F/VWFMRjBdcW2mXJptk2NJuEJCsspf4VLx5UvPpHvPlvTNs9aOuDgcd7M8zMiyWj2njet1NaW9/Y3CpvV3Z29/YP3MOjBy0yhUmABROqGyNNGOUkMNQw0pWKoDRmpBOPr2d+55EoTQW/N7kkYYqGnCYUI2OlyK3WIexGFPalEtIIeBPReuTWvIY3B1wlfkFqoEA7cr/6A4GzlHCDGdK653vShBOkDMWMTCv9TBOJ8BgNSc9SjlKiw8n8+Ck8tcoAJkLZ4gbO1d8TE5Rqnaex7UyRGellbyb+5/Uyk1yEE8plZgjHi0VJxqD9cpYEHFBFsGG5JQgram+FeIQUwsbmVbEh+Msvr5Kg2bhs+HfNWuuqSKMMjsEJOAM+OActcAvaIAAY5OAZvII358l5cd6dj0VrySlmquAPnM8f5WmTMQ==</latexit>

Short range interactions 

King’s linearity



3 pairs of isotopes

[Geber et al. 2015]

Breaks linearity

Adding the contribution of a new spin independent dark force 

[CF et al , PRL 2017]
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m⌫2 = F21m⌫1 +K21 + yeynAA0X21
<latexit sha1_base64="5hVow1P3mvFy/CXDVhbOAOxKEZk=">AAACInicbZBdSwJBFIZn7cvsy+qym0MaBYLsetMHBFoQQTcGmYLKMjuOOjg7u8zMBrL4X7rpr3TTRV9XQT+mUfeitBcOvDznHGbO64WcKW3bX1ZqYXFpeSW9mllb39jcym7v3KsgkoTWSMAD2fCwopwJWtNMc9oIJcW+x2ndG1yO+/UHKhULxJ0ehrTt455gXUawNsjNnuXBh5aI3BKcw5Ubl5xRAhwowM0UFGDoUlMCKlA5hMaE5t1szi7aE8G8cRKTQ4mqbvaj1QlI5FOhCcdKNR071O0YS80Ip6NMK1I0xGSAe7RprMA+Ve14cuMIDgzpQDeQpoSGCf29EWNfqaHvmUkf676a7Y3hf71mpLsn7ZiJMNJUkOlD3YiDDmAcGHSYpETzoTGYSGb+CqSPJSbaxJoxITizJ8+bWql4WnRuS7nyRZJGGu2hfXSEHHSMyugaVVENEfSIntErerOerBfr3fqcjqasZGcX/ZH1/QPlgJ8Y</latexit><latexit sha1_base64="5hVow1P3mvFy/CXDVhbOAOxKEZk=">AAACInicbZBdSwJBFIZn7cvsy+qym0MaBYLsetMHBFoQQTcGmYLKMjuOOjg7u8zMBrL4X7rpr3TTRV9XQT+mUfeitBcOvDznHGbO64WcKW3bX1ZqYXFpeSW9mllb39jcym7v3KsgkoTWSMAD2fCwopwJWtNMc9oIJcW+x2ndG1yO+/UHKhULxJ0ehrTt455gXUawNsjNnuXBh5aI3BKcw5Ubl5xRAhwowM0UFGDoUlMCKlA5hMaE5t1szi7aE8G8cRKTQ4mqbvaj1QlI5FOhCcdKNR071O0YS80Ip6NMK1I0xGSAe7RprMA+Ve14cuMIDgzpQDeQpoSGCf29EWNfqaHvmUkf676a7Y3hf71mpLsn7ZiJMNJUkOlD3YiDDmAcGHSYpETzoTGYSGb+CqSPJSbaxJoxITizJ8+bWql4WnRuS7nyRZJGGu2hfXSEHHSMyugaVVENEfSIntErerOerBfr3fqcjqasZGcX/ZH1/QPlgJ8Y</latexit><latexit sha1_base64="5hVow1P3mvFy/CXDVhbOAOxKEZk=">AAACInicbZBdSwJBFIZn7cvsy+qym0MaBYLsetMHBFoQQTcGmYLKMjuOOjg7u8zMBrL4X7rpr3TTRV9XQT+mUfeitBcOvDznHGbO64WcKW3bX1ZqYXFpeSW9mllb39jcym7v3KsgkoTWSMAD2fCwopwJWtNMc9oIJcW+x2ndG1yO+/UHKhULxJ0ehrTt455gXUawNsjNnuXBh5aI3BKcw5Ubl5xRAhwowM0UFGDoUlMCKlA5hMaE5t1szi7aE8G8cRKTQ4mqbvaj1QlI5FOhCcdKNR071O0YS80Ip6NMK1I0xGSAe7RprMA+Ve14cuMIDgzpQDeQpoSGCf29EWNfqaHvmUkf676a7Y3hf71mpLsn7ZiJMNJUkOlD3YiDDmAcGHSYpETzoTGYSGb+CqSPJSbaxJoxITizJ8+bWql4WnRuS7nyRZJGGu2hfXSEHHSMyugaVVENEfSIntErerOerBfr3fqcjqasZGcX/ZH1/QPlgJ8Y</latexit><latexit sha1_base64="5hVow1P3mvFy/CXDVhbOAOxKEZk=">AAACInicbZBdSwJBFIZn7cvsy+qym0MaBYLsetMHBFoQQTcGmYLKMjuOOjg7u8zMBrL4X7rpr3TTRV9XQT+mUfeitBcOvDznHGbO64WcKW3bX1ZqYXFpeSW9mllb39jcym7v3KsgkoTWSMAD2fCwopwJWtNMc9oIJcW+x2ndG1yO+/UHKhULxJ0ehrTt455gXUawNsjNnuXBh5aI3BKcw5Ubl5xRAhwowM0UFGDoUlMCKlA5hMaE5t1szi7aE8G8cRKTQ4mqbvaj1QlI5FOhCcdKNR071O0YS80Ip6NMK1I0xGSAe7RprMA+Ve14cuMIDgzpQDeQpoSGCf29EWNfqaHvmUkf676a7Y3hf71mpLsn7ZiJMNJUkOlD3YiDDmAcGHSYpETzoTGYSGb+CqSPJSbaxJoxITizJ8+bWql4WnRuS7nyRZJGGu2hfXSEHHSMyugaVVENEfSIntErerOerBfr3fqcjqasZGcX/ZH1/QPlgJ8Y</latexit>

King’s Plot



If data gives a linear King’s plot: 
[CF et al,2017]



Constraints on new physics!
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Linear King’s Plot, 100 kHZ 
[Geber et al. 2015]

[CF et al ,2017]



Projections for clock transitions 
[CF et al ,2017]



Projections for clock transitions 
[CF et al ,2017]

many new ongoing  measurements 
 (Weizmann, PTB,Mainz, MIT..) 

& possible reach to unexplored regions 
of the parameter space 



What about  few electron atoms?

[Delauney,CF,Fuchs,Soreq  2017] 

Exploiting  precision of theoretical predictions and comparing it with 
experiments

Helium 3,4
and H/D IS measurements
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Perspectives with positronium 

[Perez-Rıos ,CF, Peset, in progress]
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In order to overcome existing bounds from astro and g-2 a precision several 
orders beyond state of the art would be needed  
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Perspectives with muonium 

[Perez-Rıos ,CF, Peset, in progress]
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Perspectives with muonium 

[Perez-Rıos ,CF, Peset, in progress]

Spin independent 

0.5 1 5 10 50 100

10-8

10-5

10-2

mϕ (MeV)

g e
⨯g

μ

Electron g-2 and muon g-2 

Upcoming measurements at JPARC and PSI
could deliver a competitive sensitivity to g-2 of

 the electrons and muons



More to explore 

  Are there similar observables sensitive to spin-dependent forces?  

Study the sensitivity of exotic atoms (e.g. muonic atoms) both to 
spin-independent and spin-dependent forces.  [CF,C.Peset,in progress] 

Perspectives for future measurements (FAMU,CREMA..) and theory 
improvements 



Outlook

The quest for dark sectors is in full swing  

Highly multidisciplinary effort between different branches of physics 
from particle to nuclear and atomic physics 

A discovery could be around the corner: new data and 
measurements in the next few years will probe interesting regions of 
the parameter space. 

Thank you!



Backup 



Vector Portal: dark photon 
✏Fµ⌫F 0µ⌫ g�A0 ⇠ O(1)
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CMB safe: scalar, Majorana or Pseudo-Dirac DM.

Thermal targets 

 U.S. Cosmic vision 2017
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 Izaguirre, Krnjaic, Schuster, Toro,2014



Direct detection for scalar DM 
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Off axis detectors

n from Kaons
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Neutrino background “dies” faster than signal going off axis 
[Dobrescu, Coloma, CF, Harnik,JHEP 2015] 



 NOvA as a DM detector 
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[DeNeverville,CF,2018, in progress]
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Detector location off-axis location
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