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Light New Physics

 The SM does not completely describe Nature (m,,ns, {2pm )

* The Higgs sector points to NP scales ~TeV or (much) heavier,
but no experimental hint of it so far (LHC, direct detection..)

 The motivation for light NP (below ~GeV) is plenty:

 Alternative solutions to the hierarchy problem? (like relaxion)
o Axions
 Light mediators for dark matter

e |f such NP couples significantly to electrons/nucleons, |
for m~[eV,MeV] the atom Is the natural place to search for it



The Precision Atomic Frontier

« AMO techniques allow measurements of atomic frequencies

with ultra high precision

« Optical clock transitions

Vagam = 642121496 772 645.36(25) Hz

Uy, = 3.9 X 10_16 Huntermann et al. (2014)
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Fractional uncertainty

The Precision Atomic Frontier

* Precision on frequencies is not limited by technology, but by our
definition of the second from the Cesium clock:

1 Hz_l — 1 second = 9192 631 770 oscillations between the 2 hyperfine levels
of the Cs 133 ground state.
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Why isotope shifts?

e Atomic lines are well measured, but theory is not accurate (~1%)

 Frenquencies are set by the charge of the nucleus Z

 Hence dominant contributions from EM cancel out in frequency
differences between isotopes: (v — /) /v ~ 107°

* Spin-independent NP couples to the entire nucleus A and thus is
only mildy suppressed in isotope differences: (A — A")/A ~ 0.1

* Yet isotope shifts are also challenging to calculate...



Isotope Shift Theory

* |sotopes (same Z, different A) have the same atomic lines up to
small nuclear effects:

/ /
A = A _ I/,LA = K; nuaa + F; 5<T2>AAr

2 1

* Mass shift (MS) due to change in the nuclear mass paa = m;ll — m;l,l
modifying the global atomic center-of-mass (normal MS) and the electron-

electron repulsion terms (specific MS)

* Field shift (FS) due to change in the nuclear charge distribution ~ size,
which typically dominates for heavy elements



King Linearity .o

« Combining 2 transitions to eliminate the poorly known §(r?) yields
a linear relation among modified IS, myAA" = pAA /440

/ /
m1/§4A — F21 melA + K21

EFZ/Fl EKQ —F21K1 myQ
Ao Ay
e Linearity follows from having only 2 ® A A
. 0412
Independent nuclear parameters
® AOAn

e K, F §(r*) are not needed to test it
experimentally (only masses must be known) mu



New Physics breaks linearity

« New Physics comes with its own independent
nuclear/electronic parameters:

V@AA, = K; paa + F; 5<7”2)AAf +anpXivaar

thus inducing nonlinearities (NL): mvz

AA’ AA
muvy = Foymuiy ™ + Ko1 +anpXaoi1haa

with invariant measure : 7, = (1,1, 1)

NL = det(n’i’ul, WZ’VQ, ?’TZLL)



Bounding NP

 Solving King equation for the NP coupling gives:

NL in data
det(mv,,mvs,mu)

det[X1 muUvo —Xgml/l ,h,mu]

NL predicted

= = by theory
= ¢€;; F; X; x det(md(r?), h, mu)
Electronic alignment Nuclear alignment .
— strong suppression — suppression of m**/m 4 ~ O(10)

for |arge MNP . )(Z X F1Z for NP Coupling x A



New Yukawa-like force

» KL Is sensitive to new spin-independent interaction between
electron and neutron (e-p and e-e cancel out in the 1IS)

e Consider a new boson ¢ with y. and vy,, couplings

» p-exchange in the atom gives rise to a new force described by
the non-relativistic Yukawa potential:

—1)s+1 exp(—mer
Vy(r) = E gy (A — 2)22mer)

QNP YAA = A — A



Modified Isotope Shift mov,,, . (GHz amu)
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Gebert-Wan-Wolf-Angstmann-Berengut-Schmidt | Phys. Rev. Lett. 115, 053003 (2015)
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Modified isotope shift uévjs° — 2330 [GHz amu]
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Recent Ca+ results

Solaro-Meyer-Fisher-Berengut-Fuchs-Drewsen | Phys. Rev. Lett. 115, 123003 (2020)
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NP bound from Ca+
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1) Hydrogen-Deuterium IS from

a direct comparison between

theory and measurements (purple)
CD-Frugiuele-Fuchs-Soreq (2017)
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electron g-2 and

nuclear scattering (orange)
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y;j'jj/#'jf (Hz-u)

013

=

+ 2.4032463 + 3.0309667 + 3.1554345

+2.343132

Counts-Hur-Aude Craik-Jeon-Leung-Berengut-Geddes-Kawasaki-Jhe-Vuletic | Phys. Rev. Lett. 125, 123002 (2020)

Nonlinear Yb+ results
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