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La seconde e
est la durée de 9 192 631 770 périodes de la radiation correspondant a la transition

entre les deux niveaux hyperfins de I'état fondamental de I'atome de césium 133.

The second is the duration of 9 192 631 770 periods of the radiation corresponding to
the transition between the two hyperfine levels of the ground state of the caesium 133

atom.
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universal.
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Accuracy and stability

source: nist.gov
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f, is a set of frequency offset measurements that consists of individual measurements,
fi, f2, f3, and so on and the data are equally spaced in segments 7 seconds long.
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Time standards

1. Atomic fountains, accuracy of ~ 10716

2. Commercial caesium clocks, with good long term stability ~ 1071° over few
months and accuracy of ~ 10713

3. Hydrogen masers: 1.4 GHz hyperfine structure transition in atomic hydrogen.
Much better short-time stability than any commercial caesium clock: ~ 107! over
few hours



Caesium clocks and hydrogen masers

HP5071A caesium clock and VCH-1005 hydrogen

maser in the Central Office of Measures in Poland
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Caesium clocks and hydrogen masers vs optical clock
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Atomic fountains
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detection capture selection
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Atomic fountains

interrogation

detection capture selection
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Microwave clocks vs optical clocks
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Microwave clocks vs optical clocks
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Quality of the clock: @ = 5 X 7 ~vT x

Stability of an atomic clock: o, (7) ~ )

Quantum Shot Noise limitation: o, (1) = =5
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lon traps: lons trapped in the Paul
trap by the RF field

» Trap is perturbed only slightly
= excellent accuracy

Atomic fountains

Optical clocks

0.4 x 10718 Lorentz Invariance
» Good stability
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S. M. Brewer et al. 123, 033201 (2019)
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lon traps: lons trapped in the Paul Neutral atoms: Optical lattice Ukt

trap by the RF field

» Trap is perturbed only slightly » A trap with a high-intensity

Optical clocks

= excellent accuracy
9.4 x 10718

Good stability

(1.2 x 107*%/4/7), but
restricted by

Quantum Shot Nose

- only 1 ion

S. M. Brewer et al. 123, 033201 (2019)

light = high perturbation,
though well under control.
210718

T. Bothwell et al. arXiv:1906.06004 (2019)

High number of atoms (10%)=
high stability possible.

1.5 x 107 /,/7 down to
3.2x 107"

W.F. McGrew et al. Nature 564, 87-90

(2018)



A transition good for optical clock

Natural linewidth of an electric dipole (E1) transition is typically bigger than 1 MHz =
Q below 108
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Natural linewidth of an electric dipole (E1) transition is typically bigger than 1 MHz =
Q below 108
Clock transition should be:

> Narrow (forbidden)

» Mostly insensitive to external fields.
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Natural linewidth of an electric dipole (E1) transition is typically bigger than 1 MHz =
Q below 108

Optical clocks

Clock transition should be:
» Narrow (forbidden)

» Mostly insensitive to external fields.

Possible candidates:

» two-photon transitions and higher order electric transitions (quadrupole, octupole
> a low energy nuclear transition (still sought at 22° Th)

» an intercombination transition
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Alkaline-earth and alkaline-earth like atoms/ions
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Alkaline-earth and alkaline-earth like atoms/ions

N

3p,

3p0

» Forbidden 1S, —3P;
transition:
» Fine structure interaction
» Double forbidden 1S, — 3P,
transition:
» Fermions: hyperfine
interaction
» Bosons: quenching by a
static B field
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Optical atomic clocks
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Optical atomic clocks - gravitational potential sensors
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Optical atomic clocks - gravitational potential sensors
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Optical atomic clocks - gravitational potential sensors
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Optical atomic clocks - gravitational potential sensors
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Optical atomic clocks - gravitational potential sensors
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Optical atomic clocks - gravitational potential sensors
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Optical atomic clocks - gravitational potential sensors
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Optical atomic clocks - gravitational potential sensors

a

g

[OVE] / Wy = 1- g*h/Cz

ON

Atomic clocks and
spectroscopy
experiments

Michat Zawada
KL FAMO,
Nicolaus
Copernicus
University

Atomic fountains

Optical clocks
Gravitational
potential

Lorentz invariance

Ultralight Scalar DM
detecti

Topologi defects
detection



Gravitational redshift

Clock raised by 33 cm - CW Chou, et.
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al., Science,
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Gravitational redshift - land surveying - GRACE

Source:

NASA
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A. Bjerhammar, Bulletin Geodesique, 59 207 (1985)
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Gravitational redshift - fossils fuel hunt

Courtesy of R. Bondarescu, M. Bondarescu and Media Team University of Zurich
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Gravitational redshift - relativistic geodesy

o

R. Bondarescu et. al.

Geophys. J. Int. 191(1) 78 (2012)
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Gravitational redshift - relativistic geodesy

o AU o

R. Bondarescu et. al.
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Gravitational redshift - groundwater level
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Gravitational redshift - volcano eruption
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Gravitational redshift - volcano eruption

Vertical displacement (cm)

R. Bondarescu et. al.
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Gravitational redshift - THC

Thermohaline Circulation
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NASA Earth Observatory
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Gravitational redshift - gravitational anomalies detection

average density p = p,,

M. Bober and M. Zawada, Proc. SPIE 10438, https://doi.org/10.1117/12.2277402 (2017)

[m]

=

Atomic clocks and
spectroscopy
experiments

Michat Zawada
KL FAMO,
Nicolaus
Copernicus
University

Time standards
Atomic fountains
Optical clocks
Gravitational
potential

Lorentz invariance
Dark matter

Coupling to SM

Ultralight Scalar DM
detection

Topological defects
detection

Higgs force in
atoms



Gravitational redshift - gravitational anomalies detection
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4 atomic Cs clocks
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M. Bober and M. Zawada, Proc. SPIE 10438, https://doi.org/10.1117/12.2277402 (2017)
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Lorentz invariance
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S. Herrmann et al., Special Relativity. Lecture Notes in Physics, vol 702. Springer, Berlin,

Heidelberg (2006)
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Clocks on GPS constellation

PHYSICAL REVIEW A VOLUME 56, NUMBER 6 DECEMBER 1997

ARTICLES

Satellite test of special relativity using the global positioning system

Peter Wolf' and Gérard Petit'
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19 International Congress of Metrology, 15001 (2019) hups://doi.org/10.105 metrology/201915001 Michat Zawada
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The TiFOON Project — Time and Frequency Over Optical Networks Copernicus

University

Jochen Kronjaeger, TIFOON Project Coordinator,
Time and Frequency Department,
National Physical Laboratory, Teddington, Middlesex TW11 OLW, UK
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The problem with dark matter

R (x 10001y)

Picture from wikipedia by S. Deluca.
Data for the image are from Corbelli, E., and Salucci, P.
(2000). The extended rotation curve and the dark matter

halo of M33, MNRAS. 311 (2)

» Dark matter is non radiating, mostly non-barionic
matter, which interacts very weakly with Standard
Model matter.
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The problem with dark matter

R (x 1000y)

Picture from wikipedia by S. Deluca.
Data for the image are from Corbelli, E., and Salucci, P.
(2000). The extended rotation curve and the dark matter

halo of M33, MNRAS. 311 (2)

Dark matter is non radiating, mostly non-barionic
matter, which interacts very weakly with Standard
Model matter.

Density of dark matter (DM) in our galactic
neighbourhood (observations of velocities of visible
stars):
local ~_ 3
P ~ 0.4 GeV /cm

Global dark matter density (WAMP):

pom = 1.3 x107% GeV /cm®

Inside the Solar System
(planetary ephemerides-EPM2011):

proar < 10% GeV/cm®
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Working assumption - dark matter consists of particles

PDM = MppM * Npm

Dark matter

The inverse halo size of smallest galaxies:

107%%eV < mpy
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Working assumption - dark matter consists of particles

PDM = Mpm * Npm

The inverse halo size of smallest galaxies:

Dark matter

1072%2eV < Mpm

The particles will not form black holes:

mpm < 10%eV



The problem with dark matter - WIMP it

experiments

Michat Zawada
KL FAMO,
Nicolaus
Copernicus

The most widely accepted hypothesis: Sty
WIMP = Weakly interacting massive particles

Direct detection - collisions with nuclei.

Dark matter

I Al
el ey

1 _
L — XN _ = (p~H N~ N
X ” N WIMP, eff 4 M% (XW X)( Tu )

where ¥ = 79, and ogcar = (e;ce,’\,/Ma)2



The problem with dark matter - WIMP it

experiments
Michat Zawada

KL FAMO,
Nicolaus

The most widely accepted hypothesis: Copernicus
WIMP = Weakly interacting massive particles Wifizaicfiyy

Direct detection - collisions with nuclei.

e/ eI/V 1 Dark matter
L =X _— (v*x)(Nv, N
X ” N WIMP , eff 4 M% (XV X)( T )

where ¥ = xt4°, and oscat = (e;Ce,’V/Ma)2

X N

experimentally (LUX): 04 < 1074° cm? 1



The problem with dark matter - broadening the scope of DM
searches

ToE — -+ — GUT — -+ — SU(3) x SU(2) x U(1)y — SU(3) x U(1)em.
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The most general form of self-interaction potential of a scalar field ¢

C2

V(6) = 255 m3¢? + Ag*

Dark matter
» odd powers of ¢ field are ruled out because of symmetry ¢ — —¢

» powers of ¢® ad higher are ruled out because of renormalisation condition



A massive scalar field

2
V(g) = 2%mio2 gt

A coherently oscillating classical field ¢ ~ ¢q cos (wt + ¢)

with Compton frequency w =

m,

2
¢S — a valid DM candidate
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A scalar field

2
c |
V() =25 m3¢* + A"

If mi < 0 then the second term yields a spontaneous symmetry breaking and creation of
topological solitons, otherwise called topological defects.

PHYSICS REPORTS (Review Section of Physics Letters) 121, No. 5 (1985) 263-315,
COSMIC STRINGS AND DOMAIN WALLS

Alexander VILENKIN
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Phase transitions in Space - a spontaneous symmetry breaking

Example
Assume a field theory with a G = U(1) group and a ¢ Higgs field with self-interaction

potential V/(¢):
V(6) = IN(616 — 1) = ~NP¢? + TA6* + const

where A > 1 and ¢ field is complex.
U(1) means a symmetry with respect of phase changes, ¢ — e'®¢
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Phase transitions in Space - a spontaneous symmetry breaking

Example

Assume a field theory with a G = U(1) group and a ¢ Higgs field with self-interaction
potential V/(¢):

1 1
V(p) = §)\(c‘ffc) —n?)? = —\p?p? + 5)\(‘)4 + const,

where A > 1 and ¢ field is complex.

U(1) means a symmetry with respect of phase changes, ¢ — e!®¢

The equation of motion of Lagrangian obey the symmetry.

Potential minima V/(¢) (ground state of ¢) are in non-zero values of ¢, thus these
solutions do not obey the symmetry, i.e.

the symmetry is spontaneously broken.
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Phase transitions in Space - a spontaneous symmetry breaking

Example
Assume a field theory with a G = U(1) group and a ¢ Higgs field with self-interaction
potential V/(¢):

1 1
V(p) = 5)\(@*‘)%"‘) —n?)? = —\pPp? + 5)\(;*)4 + const,

where A > 1 and ¢ field is complex.

U(1) means a symmetry with respect of phase changes, ¢ — e'®¢

The equation of motion of Lagrangian obey the symmetry.

Potential minima V/(¢) (ground state of ¢) are in non-zero values of ¢, thus these
solutions do not obey the symmetry, i.e.

the symmetry is spontaneously broken.

¢ has non-zero expectation value (¢) = ne’®, where only 7 is set by the model.
We have a manifold, M, of degenerate vacuum states corresponding to different choices of 6.

Atomic clocks and
spectroscopy
experiments

Michat Zawada
KL FAMO,
Nicolaus
Copernicus
University

Atomic fountains

Optical clocks

Lorentz invariance

Dark matter

Ultralight Scalar DM
detection

Topological defects
detection



Phase transitions in Space - a spontaneous symmetry breaking

Example
Assume a field theory with a G = U(1) group and a ¢ Higgs field with self-interaction
potential V/(¢):
1 s 1
V(p) = 5)\(0‘0 —n?)? = P + 5)\(})4 + const,

where A > 1 and ¢ field is complex.
U(1) means a symmetry with respect of phase changes, ¢ — e'*¢
Non-zero tempererature adds additional terms to the potential:

Vr(¢) = AT?¢7¢ + V().
The effective mass of the field ¢ in temperature T
m*(T) = AT? = Ap?
is equal to zero in the critical temperature T, = ny/A/A.
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Phase transitions in Space - a spontaneous symmetry breaking

Example
Assume a field theory with a G = U(1) group and a ¢ Higgs field with self-interaction
potential V/(¢):

1 4 1
V(p) = 5)\(0'0 —n?)? = =P + 5)\(;‘)4 + const,

where A > 1 and ¢ field is complex.
U(1) means a symmetry with respect of phase changes, ¢ — e'*¢
Non-zero tempererature adds additional terms to the potential:

Vr(¢) = AT?¢' + V(9).

The effective mass of the field ¢ in temperature T

m*(T) = AT?> = xp?

is equal to zero in the critical temperature T, = ny/A/A.
If T > T. then m?(T) is positive and the minimum of V(¢) isin ¢ = 0.
The expectation value of ¢ vanishes and the symmetry is restored.
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Cosmic phase transitions

What is happening as the universe cools through T.7

The field ¢ will tend to develop an expectation value (¢) corresponding to some point in
the manifold M.

Since all points in M are equivalent, the choice will depend on random fluctuations and
will be different in different regions of space.
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Cosmic phase transitions
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For the sake of simplicity let's take a real field ¢ and

Atomic fountains
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1 o 1 ,, 1.,
L=2(0.0) — Zp2¢* — ~ g™,
5 (0,0) = 51267 = 200
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Cosmic phase transitions

For the sake of simplicity let's take a real field ¢ and
1 2 1 o5 1.4
L= 5 (0u0)° — 51707 = ro*,

The symmetry is Z> : ¢ — —¢, the minima of V(¢) are in ¢ = £ 3‘\‘2 =47,
and so manifold M consists of only two points.
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Cosmic phase transitions

For the sake of simplicity let's take a real field ¢ and
1 2 1 o5 1.4
L= 5 (0u0)° — 51707 = ro*,

The symmetry is Z> : ¢ — —¢, the minima of V(¢) are in ¢ = £ _;\‘2 =47,
and so manifold M consists of only two points.

As we go from a region with (¢) = +n
to a region with (¢) = —n, we must
pass through (¢) = 0, therefore these
two regions are separated by

a domain wall of false vacuum.
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Cosmic phase transitions

After the phase transition (¢) will be different in different regions of space.

+

Picture from MIT by Trung Van Phan
Size of domains is determined by the correlation length & ~ Tgl
and restricted by an event horizon - the Kibble-Zurek mechanism with speed ¢
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Topological defects

Plethora of topological defects:
» Domain walls

> Strings

» Monopols

» Monopols connected by strings

» Walls bounded by strings

> ..

Topological defects carry energy and are comparable in size to the Compton wavelength
d ~ m™! of vector and Higgs bosons of a given field — another valid DM candidate
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V(¢)—2f 26 + Ag"*
can couple to SM by different "portals", for instance:
in (b F V]:l v
Egca/ar = /\’Y £ - § Aimfff‘f' g /\V 2 V %4 Coupling to SM

VVVV

2
quad __ ¢ ‘F:u.l/f _
Escalar - (/\/7) Z /\/

Ay (AL) and Af (A}) are the energy scales of the respective linear (quadratic) couplings.



Coupling to QED

- N L,
Lgep = th'(/}e'yuDuwe - mec2¢ewe + Tuo}-ﬂy}—u

where mg i Y. are mass and field of electron, respectively, o =

Lo e3¢
47 h
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Coupling to QED

_ — 1
EQED = ihmﬁe’w Dﬂwe - meC27/1e’l/1e + E]:yufwj
0

where me i 1. are mass and field of electron, respectively, a =

o e3¢
4w h
lin ¢ FuFH ¢ = ¢ FuF* o
= _ E @ i ff — 2 ..
;C'scalar,lnt A'y 4 ) /\f mys — /\q{ 4/10 /\e mec~ l/}
2 v 2 2 " 2
5 l’]:u ¢ T ¢ -7:1,1/-/—_'/ (]5 22—/
foed 9 Fu - ff ! - e
scalar ,int (/\%)2 4 . (/\/f)z myg — (/\/7)2 4,uo (/\,e)2 meC~ ’L/)
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Coupling to QED

Lgep = thwe'y Dytpe — mec wewe ]:/u/]:uy

2

where me i ¥ are mass and field of electron, respectively, a = ZTrT

e fol Sme ¢
T ITem, T (HE) me Al

a— . ~al1+ #? dme ¢?
1—¢2/(N))? (\)2) 7 me (A2

Observed values of o and me will change because of coupling to ¢
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. . . . Atomic clocks and
Effective o« and m, variations due to dark matter scalar fields wpectroscory
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Different forms of scalar fields ¢ yield different o and m, variations:
» basic excitations of ¢ - oscillating field - & and m, oscillate with field’s Compton
frequency,
» basic excitations of ¢ - oscillating field - slow drift of & and m, (time average of
<¢> ~ ¢0/2), Coupling to SM
» topological defects created in phase transitions in early Universe - transient-in-time
variation of o and m..



. . . . Atomic clocks and
Effective o« and m, variations due to dark matter scalar fields wpectroscory
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Different forms of scalar fields ¢ yield different o and m, variations:
» basic excitations of ¢ - oscillating field - « and m,. oscillate with field’s Compton
frequency,
» basic excitations of ¢ - oscillating field - slow drift of & and m, (time average of
<¢> ~ ¢0/2), Coupling to SM
» topological defects created in phase transitions in early Universe - transient-in-time
variation of o and m..
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» different sensitivities

The electronic part of the Schrédinger equation within the Born-Oppenheimer approximation, in Sl
units, in dimensionless form, for n electrons and m nuclei:

((3Ew-S4) ¥ Le-w

X,
'11” k=1 "

i # k
Ultralight Scalar DM

2!77eC2 and ap = ﬁ/(meac). detection

where € = E/Ep, and x; = rj/ao, with Ep = «



Atomic clocks and

Effective o oscillations due to dark matter scalar fields s

experiments
Two frequency references Michat Zawada

» different locations B
> different sensitivities S

The electronic part of the Schrédinger equation within the Born-Oppenheimer approximation, in Sl
units, in dimensionless form, for n electrons and m nuclei:

n,n
(-3 z Sy ALY Lyow
_Z - L = ey,
2 X;
1 Xji . o ik
hj= k=1
i# k
Ultralight Scalar DM
where ¢ = E/E}, and x; = r;/ag, with E, = a®?mec? and ag = h/(meac). detection
2 —1
Exa L xa
PRL 114, 161301 (2015) PHYSICAL REVIEW LETTERS ek Cnding

Searching for Dark Matter and Variation of Fundamental
Constants with Laser and Maser Interferometry

Y. V. Stadnik and V. V. Flambaum
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Magnetometry - two isotopes with different sign of sensitivity

PHYSICAL REVIEW LETTERS

Atomic fountains

PRL 115, 011802 (2015)
Search for Ultralight Scalar Dark Matter with Atomic Spectroscopy
" and Dmitry Budker”**
Optical clocks

Ken Van Tilburg,' “ Nathan Leefer,l‘ Lykourgos Bougas,l‘
Lorentz invariance

Ultralight Scalar DM

detection
Topological defects
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detection
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University
Search for Ultralight Scalar Dark Matter with Atomic Spectroscopy
Ken Van Tilburg,"” Nathan Leefer,”’ Lykourgos Bougas,”" and Dmitry Budker”**
Atomic fountains
Optical clocks
The strength of the linear coupling de
is the inverse of the energy scale A,,. toggurrad s :
g 6 _a 72 0 orentz invariance

- /\/IPC2
B A 47T/\%1 -

where Mpc? = 1.2 x 1019 GeV is the
Planck mass energy equivalent.
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Atomic fountain - two species with different clock frequency e
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Searching for an Oscillating Massive Scalar Field as a Dark Matter Candidate Using Copernicus

Atomic Hyperfine Frequency Comparisons

University

A. Hees,"®" J. Guéna,"" M. Abgrall,"* S. Bize,"" and P. Wolf""

11. THE FO2-RB ATOMIC FOUNTAIN

“Rb energy levels
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source: J Guéna et al 2014 Metrologia 51 108
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Optical atomic clock - two components with different sensitivity

> Exa? = wit o a?

g e with relativistic effects
% E oxa? = wit x a2+k)
(t) > [ xal
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Optical atomic clock - two components with different sensitivity ectrovcors

experiments

2 at 2 Michat Zawada
> Exo iwo X o KL FAMO,
. 5 with relativistic effects cgltl:.::.
% Lt E x a2 = wat o a(2+k;’j) U:ivenity
& 0
r(t) » Lxal
cav __ 1 Atomic fountains
. . = w§? = Neavc/(2L) x a otien locke

dwo = wo(2 + k2t — 1)9

d
Atomic . = wo ( 1+ kgt) ?oz Ultralght Scaler DM
T &3 etection
Trap &2 ))} = woK, % el el e

detection

Cavity



Optical atomic clock - two components with different sensitivity

> Eoxa?= witxa?

with relativistic effects

’ wxa? a
% JL E oxa? = wit x a2+k)

r(t) » Lxal
. - = w§? = Neayc/(2L) o ot
< s UL

dwo = wo(2 + k2 — 1)92
Acomic = wo(l =+ kgt)%
Trap 555)) = woK, 2o

Cavity

The variations of « can be seen in the feedback signal r(t)

P. Wecisto, et al. Nature Astronomy 1 0009 (2016)
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Optical atomic clock - two components with different sensitivity ectrovcors

experiments

Michat Zawada

For each frequency of the oscillation w, i.e. for each mass my, thﬁ.‘ﬂ?
the R(t) = B + A(w)cos(wt + &) function is fitted to the normalised signals. Crversity

Atomic fountains

0 e dbdo
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= 4 detection
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detection
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-30 -25 -20 ~-15 =-10 -05 -185 -18 -175 -17 -165 -16 -155
logio(w /rad*s™*) log10 (Mg / €V*c2)

P. Wcisto, et al. Sci. Adv. 4 eaau4869 (2018)
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Transient-in-time variation of effective o RS
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PHYSICS REPORTS (Review Section of Physics Letters) 121, No. 5 (1985) 263-315. KL FAMO.
COSMIC STRINGS AND DOMAIN WALLS C';';Z‘:Lai:: .
Universi
Alexander VILENKIN i
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Picture from MIT by Trung Van Phan
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Nature Physics 10, 933-936 (2014) KL FAMO,
Hunting for topological dark matter with atomic clocks c:‘:;:';: .
A. Derevianko and M. Pospelov University
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Transient-in-time variation of effective o

Nature Physics 10, 933-936 (2014)

Hunting for topological dark matter with atomic clocks
A. Derevianko and M. Pospelov

Energy scale Aa , TeV
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Microwave clocks on GPS constellation
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Intercontinental network of optical atomic clocks. Pl
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The readouts of the distant clocks do not need to be correlated in real time. Just as in the standard
radio-astronomical technique, very-long-baseline interferometry, they can be locally recorded (with time
stamps that are accurate to the level of 1 ms) and cross-correlated later.
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Observation sessions spanning Jan. 2015 to Dec. 2015.
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Supplement - how the correlation in VLBI works?
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Topological defects

The transient effect can be detected by cross-correlating the pairs of feedbacks r;(t)

recorded in the network of worldwide dispersed clocks.
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The expected cross-correlation shape is fitted to cross-correlated data.
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Topological defects

Energy scale, A, (TeV)
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Coupling to SM mass ST

experiments

Constraining domain wall dark matter with a network of superconducting gravimeters

Michat Zawada
and LIGO KL FAMO,
Rees L. McNally[f] and Tanya Zelevinsky C’::;I:i::-
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Coupling to SM

Search for New Physics with Atoms and Molecules

M.S. Safronova2, D. Budker®4®, D. DeMille®, Derek F. Jackson Kimball?, A. Derevianko® and Charles W

Clark?
Spin Type Operator Interaction DM effects Searches
scalar ohth, ¢" Osu  Higgs portal / dilaton  fund.-constant variation Atomic clocks, GPS.DM
0 a G"”C,Lb axion-QCD nucleon EDM CASPEr-Electric
pseudo-scalar aF™E,, axion-BE&M EMF along B field ADMX, CULTASK, MADMAX
((‘i,;a)ﬁ'y"'mw axion-fermion spin torque CASPEr-Wind, GNOME, QUAX
vector F,'L,/F‘“’ vector—photon mixing EMEF in vacuum DM Radio, ADMX

dipole operator spin torque CASPEr-Wind

axial-vector minimally coupled spin torque CASPEr-Wind
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Passive vs active atomic clock
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Passive vs active atomic clock
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Passive vs active atomic clock

MoSaiQC | ITN

Open PhD ITN positions at www.mosaiqc.eu
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Higgs force in atoms

What is the origin of electron, and up and down quarks masses?
The Higgs coupling form SM:

y2M(my) =~ 2.0 x 1075, y>M(mp,) = 5.4 x 1078, y3"(m;) ~ 1.1 x 1079,
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Higgs force in atoms

What is the origin of electron, and up and down quarks masses?
The Higgs coupling form SM:

y2M(mp) = 2.0 x 107, y>M(mp,) ~ 5.4 x 1078, ysM(mj) ~ 1.1 x 1076,
Indirect LHC bounds (from Higgs decay, status as of 2015)

Ye<13x1073,y,4<13x 1072
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PHYSICAL REVIEW D 96, 093001 (2017) Copernicus

University

Probing atomic Higgs-like forces at the precision frontier

Cédric Delaunay,"” Roee Ozeri,*' Gilad Perez.”” and Yotam Soreg**

Higgs boson exchange between a nucleus of mass number A and one of its bound
electrons induces an attractive potential of Yukawa type:

—rmpy

_Yeya e
ViHiggs(r) = fhr ;

Higgs force - attractive, the higher / state, the less is affected

Higgs force in
atoms

5 EH/ggs

nim

YeYA 01,0
516(0)]>—5-

(nlm| Viigs|nlm) ~ 477’77;,

How to measure the Higgs force? Change the total mass not changing the total charge.
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W. H. King, Isotope Shifts in Atomic Spectra (Springer, 1984). KL FAMO,
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