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Intensity frontier: produced at fixed target experiments or low energy
colliders

Precision frontier: looked for in precision experiments

> less model dependence Focus in Sub-GeV scales



Precision spectroscopy

@ Experimentally:
Measurements of energy shifts can be very accurate,
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@ Theoretically:

simple atomic systems can be calculated very precisely: QED
up to the nuclear structure corrections: low energy QCD



EFTs for bound states:

Non-relativistic systems fulfill the relation: m, > |p| > E

When bounded by QED, @ ~ v is the only expansion parameter

Scales in bound state Coulomb interaction
Hard scale: m, — m,
Soft scale: |p| — mya
Ultrasoft scale: E — m,a?

when hadrons are involved other scales appear: Aqcp, My, - - .

Scales are well separated

(mra)

QeD/ HBChPT ™2’ NRQED ™) HNRQED.
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@ pNRQED is a theory for ultrasoft photons

Schrédinger-like formulation
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+ corrections to the potential
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pNRQED

@ pNRQED is a theory for ultrasoft photons

Schrédinger-like formulation

(10— £~ VO (r))e(r) = 0
+ corrections to the potential
+ interaction with other low-energy degrees of freedom

@ The potential:
V(x,p, o1, 02) = VO + VO () V() 4.,

Vo L V(M) o L o7 + expansions in small parameters
u u



A multi-scale problem

On top of the expansion parameter « there are other mass scales.

Scales in H: Small expansion parameters:
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A multi-scale problem

On top of the expansion parameter « there are other mass scales.

Scales in uH: Small expansion parameters:

AQCD~mp~mp — ~ L~ =
me~m, ~mg

mya ~ Mg — ~

2
Energy levels: E,p = E,,C(1+C1%+Cz(%) +...),

Cy ~ Cy [ ] pure QED
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Why EFTs are the way to go:

Effective Field Theories approach:

@ model independent
@ efficient

@ systematic (power counting)



EFT for a new boson exchange

@ New spin-1 or spin-0 boson with generic couplings to fermions

Ly = 0(i —m)—ysydw—iypby’ pw—guiy" A —igady* v A

@ Scale hierarchy:
> New parameters: gnp and mpyp

> Reasonable assumption: g3, < 4ra

Compute contribution up to O(g3)
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EFT for a new boson exchange

What about mpp??
o If myp s ma ~ gl ~ 1
The tree level propagator is dynamical: ~
q4+mye

tree level matching produces the leading order contribution

s



EFT for a new boson exchange

What about myp??

@ If myp > mea ~ gl ~ 1

The tree level propagator is NOT dynamical: ~ o ~ ——

3 >
q°=+myp Myp

The leading order contribution is a contact interaction

the tree level matching not necessarily produces the leading order
contribution



EFT for a new boson exchange

What about mpp??
o If myp > ma ~ g ~ 1

e.g. Pseudoscalar exchange
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The leading order contribution comes from 1loop exchange!



The NREFT

Integrate out the hard scale m > |q| ~ mv

Lagrangian up to O(m,g3,a®)
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The NREFT

Integrate out the hard scale m > |q| ~ mv

Lagrangian up to O(m,g3,a®)
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The NREFT

Integrate out the hard scale m > |q| ~ mv

Lagrangian up to O(m,g3,a®)
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The NREFT

Integrate out the hard scale m > |q| ~ mv

Lagrangian up to O(m,g3,a®)
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For myp ~ m;
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encodes the leading order contribution



The pNREFT
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The pNREFT

LonrerT = f Bxd®XST(x, X, t){,ao———P——V(x p. m,oz)}S(x X, 1)

The leading order potentials:
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The energy levels

Compute potential in sertions in a quantum-mechanical fashion

\4 v v
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same bound form scalar and vector.

Set a 2-sigma bound for allowing the new contribution
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Phenomenological bounds: scalar

From 1S-2S and n = 30 Rydberg:

Omax = Texp = 3.2 MHZ, 0jheo = 0.58 MHz Omax = Oprojected = 0.5 MHz
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Phenomenological bounds: scalar

From 1S-2S and Lamb shift:

Omax = Oexp = 9.8 MHZ, 0iheo = 1.4 MHz, Omax = Oexp = 22 MHZ, 0heo = 0.002 MHz
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Theory predictions limited by the muon mass uncertainty (Mu-MASS)



Phenomenological bounds: scalar

From 1S-2S Lamb shift, Rydberg:

Hydrogen (p*e™) Muonic hydrogen (p*u™)
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Phenomenological bounds: pseudoscalar

From 1S-2S and HFS, Ultrafine:

Omax = 3.2 MHZ, 0theo = 0.58 MHZ  0'max = Texp = 2.1 MHz, 0rheo = 0.22 MHz
Omax = Oprojected = 2.6 kHz
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Phenomenological bounds: pseudoscalar

From HFS:

Omax = Oth = 0.27 kHz, 0eyp = 0.053 kHz
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Theoretical predictions limited by the uncertainty of the muon mass



Phenomenological bounds: pseudoscalar

From HFS:
Hydrogen (p*e™) Muonic hydrogen (p*u™)
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Prospective 1S u p-hyperfine measurement at PSI, J-Parc RIKEN-RAL,
FAMU



Precision physics is an efficient probe for dark sectors

EFTs are the right tool to describe energy transitions with
precision

Best laboratory bounds for spin-independent interactions
Independent and robust test of new physics
Prospective improvement in near future experiments

Thank you!
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