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Usual Paradigm

Fundamental Physics at low energies is well known
New Physics states show up only at higher scales

SM

∼TeV

NP
?

However..
Light NP states could be hidden at low-energies
if very weakly coupled to the SM



NP exists, indirectly discovered through → What‘s the scale?

The Higgs sector and thermal DM point(ed?) to ∼TeV scale NP                       
but no experimental evidence so far (from LHC and direct detection experiments)

The theory motivation for (much) lighter NP states is actually plenty:
• cosmological solutions to the hierarchy problem, e.g. relaxion
• approximate NP global symmetries, e.g. QCD axion and ALPs
• light (mediators for) non-thermal DM, e.g. DM freeze-in production
• …

This invites us  to (re)consider NP signals at low-energy observables
3

Light New Physics Rationale



Atomic Spectroscopy: A Precision Frontier 

Today’s accuracy of AMO experiments is very (very!) high: 

QED
correction 

weak force

NP force
w/           coupling 

BACON coll. (2020)
18 digits with optical clocks!

If NP exists below
it is there somewhere in this number.



How to extract NP?

Nuclear finite size is a major obstacle to  

finite nuclear size

The range of NP interaction must be larger than nuclear size. 
(NP interactions that breaks P and/or CP are well-known exceptions)



How to extract NP?

Nuclear finite size is a major obstacle to  

finite nuclear size

∼1/coupling

Many-body effects need to be precisely controlled for heavy atoms.  

MBPT theory
uncertainty

The range of NP interaction must be larger than nuclear size. 
(NP interactions that breaks P and/or CP are well-known exceptions)



Two types of NP probes

Consider simple systems like H, 
µH, He or positronium, muonium
less accurate but there precise
calculation is possible

Consider isotope shifts of clock
transitions like Yb, Sr or Ca 
to cancel electron-electron
interactions

These observables are used
to fix fundamental constants of the SM
This is the CODATA* fit
Light NP affects their determination
« BSM CODATA » is required

Nuclear uncertainties are challenging
They can be controlled in a systematic
way by constructing King plots

* Committee on Data for Science and Technology



BSM CODATA*

* Committee on Data for Science and Technology

Light new particles affect the determination of fundamental constants

15

Phys.Rev.Lett. 130 (2023) 25, 121801
CD (LAPTh),

J.-P. Karr (LKB),
T. Kitahara (Nagoya),

J. C. J. Koelemeij (V.U. Amsterdam),
Y. Soreq (Technion),

and J. Zupan (U. Cincinnati) 



The precision hydrogen frontier

Measurements of atomic lines
in hydrogen are very precise: Parthey et al. (2011)
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The precision hydrogen frontier

Measurements of atomic lines
in hydrogen are very precise: Parthey et al. (2011)

QED prediction is even better:

TH uncertainty

Direct comparison fixes the Rydberg constant:
Tiesinga et al. 
[CODATA 2018]

most precisely known
fundamental constant
in physics!

limited by proton radius

16



A constellation of constants is interconnected
with other constants

Rydberg constant
hydrogen (+22 other lines)
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A constellation of constants is interconnected
with other constants

There are tensions…

Rydberg constant
hydrogen (+22 other lines)

fine structure constant
electron
or atomic recoil

Fan et al. [2023]

Morel et al. [2020] 
Parker et al. [2018]
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A constellation of constants is interconnected
with other constants

Rydberg constant
hydrogen (+22 other lines)

fine structure constant
electron
or atomic recoil

Fan et al. [2023]

Morel et al. [2020] 
Parker et al. [2018]

proton|deuteron
(charge) radius

muonic hydrogen|deuterium Lamb shifts
or ordinary hydrogen|deuterium lines
or e-proton|e-deuteron scattering data

H:2S-4P
H:1S-3S@LKBH:LS

still a proton size puzzle…
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A constellation of constants is interconnected
with other constants

Rydberg constant
hydrogen (+22 other lines)

fine structure constant
electron
or atomic recoil

Fan et al. [2023]

Morel et al. [2020] 
Parker et al. [2018]

proton|deuteron
(charge) radius

muonic hydrogen|deuterium Lamb shifts
or ordinary hydrogen|deuterium lines
or e-proton|e-deuteron scattering data

atomic mass
constants

cyclotron motion
or HD+ molecular lines Patra et al. [2020]

to be determined together in a global fit 
→ CODATA recommended values

https://pml.nist.gov/cuu/Constants/ 16

https://pml.nist.gov/cuu/Constants/


CODATA 2018 (selected) values

This accuracy relies on assuming the SM! Is it robust to BSM? 22



CODATA with light new physics

New particles below will affect the observables used to 
determine the fundamental constants:

scalar

vector
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CODATA with light new physics

New particles below will affect the observables used to 
determine the fundamental constants:

scalar

vector Yukawa potentials
contributing to spectral lines

One-loop correction to 

spin

Theoretical prediction for an observable     :

evaluated @LO in TH uncert. 24



Datasets

Hydrogen/Deuterium

µH/µD

ge-2,masses…
CODATA18 DATA22

including post-CODATA18 improvements from
Hydrogen, HD+, pbar-He 
µHe, ge-2 and masses

← used for validation 

25



Benchmark NP models

Dark photon
U(1)B-L

← highlights deuterium
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Benchmark NP models

Dark photon
U(1)B-L

Higgs portal

← highlights molecules

← larger effects in muonic atoms and molecules

Hadrophilic scalar
Up-Lepto-Darko-philic
(ULD) scalar

← from nucleon form-factors

← couples only to up-quark

+ dominant      decay to invisible states (see later) 

← highlights deuterium
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CODATA as a NP search
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CODATA as a NP search

thanks to 
Deuterium data

stronger sensitivity
from internuclear forces
in molecules in models
where

stronger sensitivity
from muonic atoms
in models where

Data favors
for Higgs portal
and ULD scalars

29



NP significance

pull
for scalar masses around
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NP significance

pull
for scalar masses around

solving several tensions 
between data and SM 
with a single NP state:  

- ge-2 vs. atomic recoil
- µH vs. H (w/in CODATA18)
- CODATA18 vs. H 2S-8D

Brandt et al. [2022]
30



Non-zero Higgs Portal?
Best-fit point 

is largely excluded by 
searches

31



Non-zero Higgs Portal?
Best-fit point 

is largely excluded by 
searches

The NA62 bound is driven by 
coupling to heavy quarks
through one-loop penguins

The E137 beam-dump 
bound relies on scalars
dominantly decaying to 

31



Evidence for a ULD-philic scalar?
Best-fit point 

evades the NA62 bound by 
coupling only to up quarks

The E137 bound does not 
apply assuming invisible decay
dominantes ( ?)

In that case NA64 is relevant

yielding a weaker bound but
NP sensitivity not clear below MeV 

Andreev et al. [2021]

32



Atomic/Flavor connexion

NP flavor structures like MFV or favoring third generation couplings
face strong flavor constraints (e.g. from penguins)

Suppressing effects in atomic/molecular spectroscopy

How much? This is model dependent and requires matching to the 
weak chiral Lagrangian beyond the Higgs portal     

work in progress
CD, T. Kitahara, Y. Soreq and J. Zupan

nuclear coupling has to be small
to accomodate flavor boundselectronic coupling cannot compensate

if electron g-2 closely follows QED

Leutwyler-Shifman [1990]



Weak chiral Lagrangian for a Generic Scalar
CD-Kitahara-Redigolo-Soreq-Zupan to appear

Consider a light scalar with generic CP-even couplings to the SM fields:

Matching the trace anomaly in presence of the weak interaction 
yields the scalar interactions to the light (pNGB) mesons

CCWZ kinetic term explicit breaking
from quark masses

explicit breaking
from instantons



FCNC amplitudes

This provides generic decay amplitudes at in  χPT, 
e.g. (assuming isospin symmetry )

Note that up-quark philic scalars do not yield transitions at LO

Such scalars are interesting for atomic physics since less sensitive to 
flavor physics and allowing a larger nuclear/electron coupling ratio. 

one-loop penguins

CD-Kitahara-Redigolo-Soreq-Zupan to appear



Impact on fundamental constants

FCs can undergo huge shifts 
in the presence of NP

33



Impact on fundamental constants

FCs can undergo huge shifts 
in the presence of NP

and their uncertainty significantly inflates
relative to the SM-only hypothesis 33



Muon(ium) g-2
muon magnetic moment below 1ppm from             spectroscopy

3

Phys.Rev.Lett. 127 (2021) 25, 251801
CD (LAPTh),

B. Ohayon (Technion),
and Y. Soreq (Technion),



Towards solving the puzzle

New experimental determinations
of are more than welcome!

Muonium spectroscopy in <10yrs
will offer another test at 1ppm!

JPARC is coming up, but like
BNL/FNAL it could be affected by 
« environmental » NP effects, 
e.g. [Davoudiasl-Szafron hep-ph/2210.14959]

[Agrawal et al. hep-ph/2210.17547]

MUonE will measure HVP directly, 
should be clean from NP, see e.g.

[Masiero-Paradisi-Passera PRD 2020]
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ISOTOPE SHIFTS
Constraining light new particles with optical clocks

15

Phys. Rev. D 96, 093001 (2017) CD, Ozeri, Perez and Soreq
Phys. Rev. Lett. 120, 091801 (2018) Berengut, Budker, CD, et al

Phys.Rev.Res. 2, 043444 (2020) Berengut, CD, Geddes and Soreq



The theory of many-electron atoms is not accurate (∼1% from MBPT)
Frenquencies are (mostly) set by EM interactions which are universal for 
isotopes with same Z
Therefore EM contributions cancel out in isotope shifts:  

NP (conserving P&CP) couples to the entire nucleus A and is only mildy
suppressed in the frequency difference:

Why isotope shifts?

45

→ No need to calculate the first 6 digits!



Isotope Shift Theory

IS involve nuclear physics and are challenging to calculate. 
However so one can do perturbation theory

There are two nuclear effects @LO:

46

transition index

mass shift
changing the nuclear mass modifies:
the center-of-mass (normal MS) 
and electron-electron repulsion terms (specific MS)

field shift
adding/removing neutrons affects 
the nuclear charge distribution, 
represented @LO by the charge radius

constants depending on 
the electronic configuration



Isotope Shift Theory

Nuclear masses are measured at accuracy (from spin precession
in Penning traps).
However, charge radii are poorly known and electronic constants can be
obtained within ∼1% from atomic structure calculations.

→ Are we stuck again?

No. The nuclear parameters are common to all electronic states and the 
electronic states are the same for all isotopes (at least at LO in these
perturbations). 

This simple observation grants us with a trick, noticed by King in the 60’s
47



King’s linearity
The trick is to use two distinct transitions, one being used to fix the 
unknown nuclear parameter

This yields a linear relation among the IS of the two transitions. 

Testing King’s linearity does not require
calculation of 



New Physics nonlinearities

NP brings about another nuclear parameters:

breaking King’s linearity :

The nonlinearity is conveniently quantified by

49

e.g.



Directly solving King’s equation gives: 

Extracting the NP coupling

NL in data

NL predicted
by IS theory

Electronic alignment
→ strong suppression
for

Nuclear alignment
→ suppression of

50



IS linearity in Ca+ Solaro et al. | Phys. Rev. Lett. 115, 123003 (2020)

Using optical clock (S→D) transitions 
with ∼20Hz accuracy

Measurements are consistent 
with linearity within uncertainties

51



Nonlinearities observed in Yb+ Counts et al. | Phys. Rev. Lett. 125, 123002 (2020)

Nonlinearities at 3σ→ NP evidence?

52

Using optical clock (S→D) transitions 
with ∼300Hz accuracy



NP in different systems is correlated

Ca+ bound excludes NP as the 
origin of the Yb+ nonlinearities
in most of the mass range 

Subleading nuclear effects are 
the dominant cause of what is
observed in Yb+

53

Hydrogen/Deuterium
IS consistent with QED

CD et al. (2017)

electron g-2 and 
nuclear scattering
combined bound

Moreover, the NP coupling 
needed is excluded by other
observables

Flambaum et al. (2017)
first-time calculation of NLs



Nuclear nonlinearities

Beyond LO, electrons adapt to the change of nucleus

Only a finite # of terms are relevant for a fixed accuracy.
How many? What A dependence?

There are candidates e.g. higher-moments of the nuclear charge 
distribution. Unfortunately, no EFT-like expansion is known…  



Nonetheless, NP can still be probed without theory calculation of NLs
Using more transitions (and isotopes) to fix the nuclear parameters 
sourcing the nonlinearities.

For instance, assuming only one term dominates (like FS2):

Then the mIS of 3 transitions are linearly related

Overcoming Nonlinearities

(generalization to any number of independent nuclear parameters is straightforward)

55



IS data for 4 isotope pairs are predicted to lie in 
a plane in 3D  → generalized King’s linearity

Again NP breaks this prediction

NL measured by the volume

Generalized King Plots
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The NP coupling can be extracted using only spectroscopy, without 
knowledge of or            :   

NP coupling

volume in data

volume predicted
by IS theory with one 
nuclear source of NL

57



Generalized King plot with Yb/Yb+ data
Ono et al. | Phys. Rev. X 12, 021033 (2022)

Experimental 3D King plot
using different transitions in Yb/Yb+ 
shows ∼3σ evidence for a 
second source of NL!

58

This calls for a 4D King plot…



Conclusions

Light NP is well motivated theoretically. 
Atomic/molecular spectroscopy can be repurposed to search for it.

This requires to revisit the determination of fundamental constants.

There is an interesting interplay with flavor physics observables     
which cannot be fully decoupled.

Will the first sign of a deeper understanding of physics come from 
understanding atoms again?



Backup slides



The light vector case

Vectors with induce a long-range force
Then, effects are suppressed for couplings aligned with QED ( ) 
because:

inverse Bohr radius

massless dark photon is unobservable!
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The light vector case

Vectors with induce a long-range force
Then, effects are suppressed for couplings aligned with QED ( ) 
because:

inverse Bohr radius

massless dark photon is unobservable!

This behavior is only manifest for and                   
calculated at the same order in couplings. Otherwise:

would distinguish the photon 
from massless DP

27



The light vector case

Vectors with induce a long-range force
Then, effects are suppressed for couplings aligned with QED ( )

inverse Bohr radius

Instead, we use a simple prescription:

with

included to all orders
by shifting
in  

deviations from either or 
can be treated as perturbations at LO
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The light vector case

Vectors with induce a long-range force
Then, effects are suppressed for couplings aligned with QED ( )

inverse Bohr radius

Instead, we use a simple prescription:

with

included to all orders
by shifting
in  

deviations from either or 
can be treated as perturbations at LO

Hence:

or 28



How well do we know    ?
The fine-structure constant is determined
from keV-scale observables (hydrogen lines + atomic recoil)…

…which could hide the presence of 
a dark photon with 
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The fine-structure constant is determined
from keV-scale observables (hydrogen lines + atomic recoil)…

…which could hide the presence of 
a dark photon with 

As a result, only               is well determined

and     alone is poorly known… 

( for ) 
34

How well do we know    ?



The Muon g-2 puzzle

Is this really an evidence of 
BSM Physics?
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The Muon g-2 puzzle

Is this really an evidence of 
BSM Physics?

Do we really control
the SM prediction?

R-ratio method: 
[Bouchiat-Michel 1961]

4



The Muon g-2 puzzle
New lattice results cast doubts

[BMW coll. Nature 593 (2021) 7857]
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The Muon g-2 puzzle
New lattice results cast doubts

Recent VEPP data 
also [CMD-3 coll. hep-ex/2302.08834]

[BMW coll. Nature 593 (2021) 7857]

CMD-3 shift

5



Towards solving the puzzle

New experimental determinations
of are more than welcome!

JPARC is coming up, but like
BNL/FNAL it could be affected by 
« environmental » NP effects, 
e.g. [Davoudiasl-Szafron hep-ph/2210.14959]

[Agrawal et al. hep-ph/2210.17547]

MUonE will measure HVP directly, 
should be clean from NP, see e.g.

[Masiero-Paradisi-Passera PRD 2020]
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