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Current fundamental physics

Over 100 years of theory and experiment support a description of nature based on two theories

Tow energy world ~ GR + QFTj

This description includes several physical constants

General Relativity Standard Model Lagrange density

b 1 P B Lov = _ZF ;‘VF WY 4 il/_/j}/”Dﬂl//j
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0 Contains 2 dimensionful quantities O Parametrized by 25 dimensionless constants
0 Cannot be calculated directly — must be measured!




Physical constants

There are two types of physical constants:

0 quantities: G, i1, c, ...
0 Dimensionless constants: a, additional SM parameters, ...

type depend on choice of base units

[M] = unit of mass

mym s
17742 - [G] _ [M]_I[L]g[T]_Z |L] = unit of length

r2 |7'] = unit of time
6.67 x 10~ "kg7!m’s™> Sl units G5
6.70 X 107°°GeV~> natural units (c = A = 1)

Example ' o = G

Dimensionless constants are pure numbers, independent of convention = “fundamental constants”™



Fundamental constants

Common examples: 2018 CODATA values

E. Tiesinga et al.. Rev. Mod. Phys. 93. 025010

2
b= a~! = 137.035999084(21)
- °
dreghc 4l = 1836.15267343(11) |
(Fig. from M. Keller)
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a, i control the structure of matter! : ' | |
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https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.93.025010

Fundamental constants

Existence of fundamental constants naturally raises questions: P. A. M. Dirac, Nature 139, 323 (1937)

O Why do they take values observed?

O Why are there so many of them?

O Why are there huge hierarchies?

O Do they exhibit numerological patterns/relations among each other?

O Can they be explained dynamically (1.e. from theories with no free parameters)?
O Are they “only” numbers, or more generally, functions of spacetime?


https://www.nature.com/articles/139323a0
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O Why are there huge hierarchies?

O Do they exhibit numerological patterns/relations among each other?

O Can they be explained dynamically (i.e. from theories with no free parameters)?
O Are they “only” numbers, or more generally, functions of spacetime?

Reviews

J. Uzan, Living Rev. Rel. 14, 2 (2011)
C.J. A. P. Martins, Rep. Prog. Phys. 80. 126902 (2017)



https://link.springer.com/article/10.12942/lrr-2011-2
https://iopscience.iop.org/article/10.1088/1361-6633/aa860e
https://www.nature.com/articles/139323a0

Eftective description

How to capture signatures of varying constants?

1. Model phenomena explicitly
2. Use (model independent)

. new-physics (NP) effects captured by systematically parametrizing
all possible additional couplings to known low-energy (LE) fields

Zp(F) =F- 07, = |[EEEEITRII
=~ F

= (coupling strength, new field)

O NP terms typically treated as perturbations w.r.t. LE terms
O Search for influence of new 1n sensitive experiments




Bekenstein electrodynamics

Electrodynamics with spacetime-dependent charge J. D. Bekenstein, Phys. Rev. D 25, 1527 (1982)
e(x) = eye(x) e(x) = scalar field
1 A* ; I~ ~,
<L = Eg(d )+ y, (iyko, — m)y, — ey, y*A l/fe—ZFWF

Retains many properties of QFT, including gauge invariance: pv d W(€4,) — 0,(cA, ) e
€A, — €A +0,x


https://www.worldscientific.com/doi/abs/10.1142/9789811203961_0027

Bekenstein electrodynamics

%

Expand about small variations e(x) ~ 1 + —:
p () A Exercise

<L - —(6 ¢)2 + l//e(ly’@ — m)y, — ey, y*A W — —F FHF

§b — 1 new interactions
—zeonyey”A Ve — X(aﬂ¢)AVFﬂU between ¢, A,y

Last line equivalent to ¢ F, F* -



https://www.sciencedirect.com/science/article/pii/S0550321317301244?via=ihub

Bekenstein electrodynamics

Bekenstein’s model motivated:

0 A wave of theory generalizations
O Searches for a variations across measurements 1n cosmology,
atomic physics, collider physics (see reviews, slide 5)

Primary effects of interest for atomic-clock-tvpe searches

classified in EFT
(see, €.g.)

P. W. Graham et al.. PRD 93. 075029 (2016)

Bottom line: signals for varying constants can be described by scalar
fields interacting with “conventional matter”


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.075029

Couplings to matter

oczNP

clocks

1
Examples i (—F F’uy) — i

UL
A, \ 4

o~ ap) —

Analogous couplings to, e.g. quarks, gluons, ... also present

n = positive mteger

A = scale of new physics

O\ = Standard-Model operator




Couplings to matter

How does this happen? 1
F.=0A —0A A — —A’

UV MU VU IZ 0 H
1 | 1 L, o = e2/(4n)
—> — ZF/“/FW/ —> — 4_62F//U/F/w — (%) (_ZF/,WFW/) (natural units)

Combining SM and NP terms




Dynamics of ¢

Scalar field equation of motion

(aﬂaﬂ + m2)¢ =0 = ¢()C) — ¢O COS(k . X + 5) k= (E, ]_C))

k2 = m?



Dynamics of ¢

Scalar field equation of motion

(0,0 + m*)p =0 = P(x) = Pocos(k - x + 0)

0 Temporal (spatial) spread controlled by energy (momentum)
O Often interested in time-dependent signals in nonrelativistic limit

k* = (E, k)
k2 — m2



Dynamics of ¢

Scalar field equation of motion

(0,0" + mAp =0 = Px) = Pycos(k - x + )

0 Temporal (spatial) spread controlled by energy (momentum)
O Often interested in time-dependent signals in nonrelativistic limit

Y 1 2 CONtrois iIrequenc
= (1) = ¢pyCcos [m(1+5v )t+5] V< ¢ = m conrobliequens G

k* = (E, k)
k2 — m2

of oscillations
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Scalar field equation of motion

(0,0 + m*)p =0 = P(x) = Pocos(k - x + 0)

0 Temporal (spatial) spread controlled by energy (momentum)
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Dynamics of ¢

Scalar field equation of motion

(0,0 + m*)p =0 = P(x) = Pocos(k - x + 0)

0 Temporal (spatial) spread controlled by energy (momentum)
O Often interested in time-dependent signals in nonrelativistic limit

~ I 2 controls frequen
= (1) = ¢yCcos [m(1+3v )t+5] V< ¢ = m onoblcquens N

k* = (E, k)
k2 _ m2

of oscillations
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Dynamics of ¢



Dynamics of ¢

¢y cos(mt + 0)

Oscillation of ¢ transmitted to constants: (@) ~ a |1 + ——— etc.

Ay

a Amplitude controlled by product ¢/ A, frequency by field mass
O Distinct couplings + multiple fields enrich possibilities
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¢y cos(mt + 0)

Oscillation of ¢ transmitted to constants: (@) ~ a |1 + ——— etc.
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Dynamics of ¢

¢y cos(mt + 0)

Oscillation of ¢ transmitted to constants: (@) ~ a |1 + ——— etc.

Ay

a Amplitude controlled by product ¢/ A, frequency by field mass

O Distinct couplings + multiple fields enrich possibilities
amp. <> ¢O/ Ay

94 (t ) / Larger m, smaller A rel. to red £ f(a) /' freq. <> m
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Atomic clocks

Atomic clocks count cycles of EM radiation emitted from particular transitions

NPL Yb™ optical clock
- e




Atomic clocks

Atomic clocks count cycles of EM radiation emitted from particular transitions

NPL Yb™ optical clock
I/Opt = A - (CRoo) y Fopt(a) S —

Vyib — C- (CROO) y ”1/2

Common
examples




Atomic clocks

Atomic clocks count cycles of EM radiation emitted from particular transitions

NPL Yb™ optical clock
I/Opt = A - (CRoo) y Fopt(a) S —

Vyib — C- (CROO) y ,l/tl/z

Common
examples




Atomic clocks

Atomic clocks count cycles of EM radiation emitted from particular transitions

NPL Yb™ optical clock
—

Vopt = A - (CRoo) ' Fopt(a)

Common
examples mw = B - (CRy) - a’F Mw (@) - 8y 1
— 1/2
Vyib = C - (CRy) - 1 .

v ¢ dlng
du(g) = —dg < dinv = K, - dIng

0g

V.V. Flambaum. V. A. Dzuba. Can. J. Phys. 87. 25 (2009)



https://cdnsciencepub.com/doi/10.1139/p08-072

Atomic clocks

Atomic clocks count cycles of EM radiation emitted from particular transitions

NPL Yb™ optical clock
— ) ) . \ Fi ‘
Vopt = A-(cR_) Fopt(a) -
Common \

— . o2 . .
examples imw = B - (cR,) 0{/ 2F Mw(@) - gy - U
Vyi, = C - (CR) -

- Olnw
~ ding

8
ov

du(g) = 50

dg < dlnv = K, - ding

V.V. Flambaum. V. A. Dzuba. Can. J. Phys. 87. 25 (2009)

Measurements involve comparisons

O Cannot measure “absolute” variation

O Need a reference that has distinct sensitivity

O Ratio r = v,/v, of two frequencies is
dimensionless observable



https://cdnsciencepub.com/doi/10.1139/p08-072

Atomic clocks

Atomic clocks count cycles of EM radiation emitted from particular transitions

NPL Yb* optlcal clock
| p &
— A - (cR,,) - Fypl)
Common
examples 1
Pyib = C- (CROO) T olnv

g =

dlng

ov
du(g) = gdg < dlww = K, - ding

V.V. Flambaum. V. A. Dzuba. Can. J. Phys. 87. 25 (2009)

Measurements involve comparisons

O Cannot measure “absolute” variation

O Need a reference that has distinct sensitivity % ~ 10-18 “Off by 1 second after

O Ratio r = v/, of two frequencies 1is L Tiiniverse = 14 billion yr”
dimensionless observable Yb*



https://cdnsciencepub.com/doi/10.1139/p08-072

Atomic clocks

The ratio of two clock transitions o« variation in dimensionless constants

O In general, ratio sensitive to a linear combination of FC variations
a Get additional enhancement from AK, = K, — K,

O Find atoms/transitions to maximize difference



G. Barontini et al.. EPJ

“A network of clocks for measuring the stability of fundamental constants” Quantum Technol. 9. 12 (2022)

gsnet.org.uk +
- Yb* (467 nm)
UoB :
cF - o Sr (698 nm) Operational
Cs (32.6 mm)
ICL
NPL cr.u  |CaF (17 pm)
Ybt -Sc; \\‘ UoS N2+ (231 I.J.m) Under
SR ' N,*- Cf15+(618 nm) construction
filt;:zpneeatr\:vork Cf17+ (485 nm)



http://qsnet.org.uk
https://inspirehep.net/literature/1994615
https://inspirehep.net/literature/1994615

Projected QSNET sensitivities

1071°;
| c) Cs/Sr
107'°: S -~ -N,"/sr
] : - - - - CaF/Sr
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Operational Yb™, Sr, Cs clocks at NPL have world-leading sensitivities

Under construction Cf*, CaF, N, " clocks bring improvements by > 1 order of magnitude



[Leading scalar-field interactions

< = (qu)n (dy(”%F A — d,,(,Z)mel,_Uel/fe) + (analogous QCD terms)

=i = (yam,) | a@)=a(1+d"upr) > 2 = a0

04
n j(n) n
O Operators normalized mj(¢) — mj (1 T dmj (K¢) ) - = dmj (K¢) (] — &% d)
to reduced Planck m;
mass Mp YA\
Couplings d® Qb
o Couplings i AQCD( ¢) — AQCD (1 4 dén)(K¢)n) = — d(én)(](¢)n
control oscillations AQCD



[Leading scalar-field interactions

V.V. Flambaum et al.. Phys. Rev. D 69. 115006 (2004)

v = (const.) (cR,,) - a®a - (m,/ Agcp)™ - (myl Agep)™
= 8(n) = K,dIna + K,In (m,/Agcp ) + K,gn (my/Agep )

— (n) n (n) (n) n (n) _ g(n) n
= K d," (k)" + K (), — d;") (k)" + K (d,,” — d;”)(kp) Exercise

or
_ n n n (n) n (n) (n) n
— = AK,d" (k)" + AK,(d,) — d") (k)" + AK () — d) (k)

I

What is or/r for QSNET clock ratios? -


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.69.115006

Application 1: particle dark matter

Decades of evidence strongly support the
existence of dark matter (DM)

J. I. Read. J. Phys. G: Nucl. Part. Phys. 41 063101 (2014)



https://iopscience.iop.org/article/10.1088/0954-3899/41/6/063101

Application 1: particle dark matter

Decades of evidence strongly support the dark-matter halo
existence of dark matter (DM)

Galactocentric frame: approx. isotropic velocity
distribution

v # 0

¥y =0

J. I. Read. J. Phys. G: Nucl. Part. Phys. 41 063101 (2014)



https://iopscience.iop.org/article/10.1088/0954-3899/41/6/063101

Application 1: particle dark matter

Decades of evidence strongly support the dark-matter halo
existence of dark matter (DM)

Galactocentric frame: approx. isotropic velocity
distribution

Sun-Earth system galactic disk

J. I. Read. J. Phys. G: Nucl. Part. Phys. 41 063101 (2014)



https://iopscience.iop.org/article/10.1088/0954-3899/41/6/063101

Application 1: particle dark matter

Decades of evidence strongly support the dark-matter halo
existence of dark matter (DM)

Galactocentric frame: approx. isotropic velocity
distribution

oalactic disk

Sun-Earth system

Local (Earth-based) frame: inferred DM :
density* and DM “wind” velocity ®\_/y
pom(Ry) =~ 0.3 GeV/cm?

wind ~_ -3

J. I. Read. J. Phys. G: Nucl. Part. Phys. 41 063101 (2014)



https://iopscience.iop.org/article/10.1088/0954-3899/41/6/063101

Application 1: particle dark matter

PovRy) =~ 0.3 GeV/ cm°

wind ~_ -3

dark-matter halo

A

Sun-Earth system galactic disk

o>




Application 1: particle dark matter

PovRy) =~ 0.3 GeV/ cm°

wind ~_ -3

O Produces daily variations (=~ “rotation violation™)
O Produces annual variations (= “boost violation™)

dark-matter halo

A

Sun-Earth system galactic disk

o>




Application 1: particle dark matter

PovRy) =~ 0.3 GeV/ cm°

wind ~_ -3

O Produces daily variations (=~ “rotation violation™)
O Produces annual variations (= “boost violation™)

dark-matter halo

A

' lactic disk
Note: /ocally derived ppy, estimates Sun-Earth system ; Sacteds
significantly less constrained! @

procal < (10% = 10%) X ppav(Ro)

$ Implications for laboratory detection




Application 1: particle dark matter

pom(Ro) ~ 0.3 GeV/cm®

wind ~_ —3
vom ~ 10

O Produces daily variations (=~ “rotation violation™)
O Produces annual variations (= “boost violation™)

dark-matter halo

' lactic disk
Note: /ocally derived ppy, estimates Sun-Earth system ; Sacteds
significantly less constrained! @

procal < (10% = 10%) X ppav(Ro)

$ Implications for laboratory detection

In a particular mass range, DM
displays coherent-wave behavior



Ultralight DM

Range of dark-matter candidates 1s enormous

Astrophysical

<— .
constraints

QCD axion WIMPS Primordial black holes

10722 eV ~107°=107eV 1eV ~ GeV = TeV ~ (1 = 100)M
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Ultralight DM

Range of dark-matter candidates 1s enormous

Ultralight DM QCD axion WIMPS Primordial black holes

10722 eV ~107°=107eV 1leV ~ GeV — TeV ~ (1 = 100)M

What characterizes mass range of ULDM?

Implies bosonic field

3
3 PDM 2T
. . o — . 1
Upper limit: {02 (22) () > Exercise P, A,

>m<1eV

J




Ultralight DM

Range of dark-matter candidates 1s enormous

Ultralight DM QCD axion WIMPS Primordial black holes

10722 eV ~107°=107eV 1leV ~ GeV — TeV ~ (1 = 100)M

What characterizes mass range of ULDM?

Implies bosonic field

3
3 PDM 2T
. . o — . 1
Upper limit: {02 () (o) > Exercise DM A,

>m<1eV

J

AXA]? ~ 1, Ax ~ 2 X Rdwarf halo ~ 2 X (1kpC), Ap ~ MViwarf halo
= m > 107%* eV

J

Lower limit: {



Ultralight DM

Ultralight DM QCD axion WIMPS Primordial black holes

10722 eV ~107°=103eV 1eV ~ GeV — TeV ~ (1 = 100)M

c? 27

m .
Compton frequency tied to (rest) mass  fo = - > m = 2xf-= T_ (natural units)
i C




Ultralight DM

Ultralight DM QCD axion WIMPS Primordial black holes
10-2 eV ~10°-10"eV 1eV ~GeV-Tev  ~ 1=100)M,
| mc? 2T ,
Compton frequency tied to (rest) mass  fo = = m = 2rxf, = — (natural units)
Zﬂh TC
__? 6

lc= 1 ﬂz Z 10 TC > Texperiment

Oscillations are coherent 2" bu -
2
/1C — msz > Rsolar system



Ultralight DM

Ultralight DM QCD axion WIMPS Primordial black holes
10-2 eV ~10°-10"eV 1eV ~GeV-Tev  ~ 1=100)M,
| mc? 2T ,
Compton frequency tied to (rest) mass  fo = = m = 2rxf, = — (natural units)
Zﬂh TC
__? 6

lc= 1 7T2 Z 10 TC > Texperiment

Oscillations are coherent 2" bu -
2
/1C — msz > Rsolar system

- ] S
ULDM = coherently oscillating scalar field! ¢(X, f) ~ ¢O COS [WL(1+ Evz)t + 5()6)]



Ultralight DM

Ultralight DM QCD axion WIMPS Primordial black holes

10722 eV ~107°=103eV 1eV ~ GeV — TeV ~ (1 = 100)M



Ultralight DM

Ultralight DM QCD axion WIMPS Primordial black holes

10722 eV ~107°=103eV 1eV ~ GeV — TeV ~ (1 = 100)M

DM known present 1n early universe:

O Typical treatment 1s scalar field evolving with FLRW metric
O Nonrelativistic time-averaged energy density gives = (1) = cos(mi)

prediction for field amplitude ¢y = /2ppy/m m




Ultralight DM

Ultralight DM QCD axion WIMPS Primordial black holes

10722 eV ~107°=103eV 1eV ~ GeV — TeV ~ (1 = 100)M

DM known present 1n early universe:

O Typical treatment 1s scalar field evolving with FLRW metric

2
O Nonrelativistic time-averaged energy density gives = (1) = FDM cos(mt)
prediction for field amplitude ¢y = 1/2pp\/m m
Yo S AR [T gy O
. ’ 878 — X 6% 10 —

. . th .
i = /4xG oscillations up to n™ order harmonics ot m,,



Projected linear coupling constraints

(H 1 v ¢ | Uy (Do, 07 T
<K¢> d}’ 4FMVF < A 4FMVF _<K¢) dme my .y, < A m.y .y,
Y e
@ 5t “15F
_ GEO - GEO
600 ’ 600
_ EP Tests : EP Tests L
_ -~ 20+
g) <>~ .
—= j Sr/S1
g - Cl /
_30l QSNET
EYR 1-521 | 1—1201 | 1—1181 | l—ll6l | l—ll4l | l—iZl T 24 1—5_2' | l—éol | 1—118| | 1—116' | 1—1141 | 1—1121 T
1 ﬂ’l¢ Mg
Og“’(_) log (—)
eV 0 eV

Sensitivity factors of QSNET clocks can increase .
L. . . . G. Barontini et al., EPJ
existing constraints by over two orders in magnitude! Quantum Technol. 9, 12 (2022)



https://inspirehep.net/literature/1994615
https://inspirehep.net/literature/1994615

Constraints compilation
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https://arxiv.org/abs/2203.14915
https://arxiv.org/abs/2203.14915

Application 2: Lorentz & CPT violation

Atomic clocks are also excellent probes of fundamental symmetries

Lorentz invariance: the laws of physics are independent of the relative velocity or orientation
of an experiment 1n spacetime

Experiments observe system obeying the same laws of physics ¥ — &

Warning: does not mean different experiments ® (v=0) 7=1
will “measure the same thing” —o— (v#0) t=r1/y<r1,



Application 2: Lorentz & CPT violation

Atomic clocks are also excellent probes of fundamental symmetries

Lorentz invariance: the laws of physics are independent of the relative velocity or orientation
of an experiment 1n spacetime

— (boost)

Experiments observe system obeying the same laws of physics ¥ — &

Warning: does not mean different experiments ® (v=0) 7=1
will “measure the same thing” —o— (v#0) t=r1/y<r1,



Application 2: Lorentz & CPT violation

Atomic clocks are also excellent probes of fundamental symmetries

Lorentz invariance: the laws of physics are independent of the relative velocity or orientation
of an experiment 1n spacetime

(rotation)

Experiments observe system obeying the same laws of physics ¥ — &

Warning: does not mean different experiments ® (v=0) 7=1
will “measure the same thing” —o— (v#0) t=r1/y<r1,



Observer vs. particle transformations

In Lorentz-invariant theories observer and particle transformations have indistinguishable effects

# = particle/system I = coordinates/observer



Observer vs. particle transformations

In Lorentz-invariant theories observer and particle transformations have indistinguishable effects

from observer
point of view

"
server U ansio
0/ indistinguishable

# = particle/system I = coordinates/observer
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* = particle/system = coordinates/observer
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Standard-Model Extension (SME)

Lorentz- and CPT-violating effects are generically parametrized D. Colladay. V. A. Kostelecky, PRD 55,
. . 6760 (1997); PRD 58, 116002 (1998);
1In an known as the Standard-Model Extension (SME)

SME — SM -+ GR 4 LV Contains all possible terms that break

Lorentz and CPT symmetry in

OCZLV D k//t e (e ( X) @ | 2 ( X) V. A. Kostelecky, Z. Li PRD 103, 024059 (2021)
U eo o //t ) a )

Minimal SME properties

SU(3) x SU(2) x U(1) structure

0 Much more complex couplings possible SU(2) x U(1) breaking

0 (Classified my mass dimension d Renormalizability

Spin statistics

d S 4 “Minimal SME” e.g. —4a, }/_jyvﬂ l/{ = [aﬂ] — GeV Observer Lorentz invariance

Energy-momentum conservation

d=3 (Quantization

Microcausality
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d> 4 Nonminimal SME” e.g. —ZkaK wF K}taaF v Particle Lorentz invariance

CPT invariance
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.58.116002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.58.116002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.024059

Dominant eftects for clocks

Electromagnetic interactions dominant

Lelocks 51T, Dy — o M) ¥ = {We, Yy, Yn )

F = Yo T CW’Y T d,LLV/Y5/Y T eu T ZfI//Y5 T nguuo)\'u

— y A small subset of effects
M =m+auy" + b“%/y T %HWOM studied to date el

Basic procedure:

1. Construct full atomic perturbation 0hatom = O0Nelectron + 0Pproton + 0lnucleon

2. Calculate shifted spectra & observables O tom = (F,mp|0hatom |F, mp)

3. Compare with experiment



Sidereal oscillations

Laboratories near and on the Earth’s surface are typically noninertial

Bluhm, Kostelecky, Lane, Russell PRL 2002 As Earth g0es around the Sun, the
orientation of the background field in the
lab frame changes

—> Time dependence appears 1n lab observables

Convenient to choose 1nertial frame
fixed on Sun to report constraints/
compare experiments from different labs

Oy ~ OgpT Clab(Tea)5‘7LV

clab(T@) = Cqp Cos(a)@T@) + ---

!

sidereal frequency ~ 27/(23 h 56 min)

(Animation)



https://lorentz.sitehost.iu.edu/kostelecky/mov.html
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Laboratory signals
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Clock ticking rate can depend on orientation of clock throughout the day

= collect and bin clock data as function of sidereal time
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Existing constraints

Constraints on LV/CPTV from clock-comparison experiments are among the most stringent

electrons bounds systems Experiments include:
br < x1071%-107* GeV Cs, TI, Dy, Yb
b <10°29-1072" GeV K /He, Hg/Cs || @ Microwave clocks o Magnetometers
H- and g-type < 10727 GeV H o Optical clocks o Optical resonators
Crv < 1074107 Yb, Ca, Dy || o Masers o Atom interferometers
d] < 10742 Hg /Cs
nonminimal 5 < d < 8§ varied H H V. A. Kostelecky., N. Russell,
Data Tables for Lorentz and
nucleons bounds systems CPT Violation
br < 10731077 GeV Cs, Tl
b < 1073410727 GeV He/Xe, Hg/Cs, K/He, H
H- and g-type < 10733-10727 GeV He/Xe, H QSNET clock ratios
v §<1O_QZ':‘O_§O Ne/Rb/K, Be/H, Hg/He, Ne/H, Cs allow competitive access
|C‘Zgj| {1(1)0_28_;8_25 I({j;/gi to a variety of effects
nonminimal 5 < d < 8 varied H, H, K/Rb/Ne, He/Xe



https://arxiv.org/abs/0801.0287
https://arxiv.org/abs/0801.0287
https://arxiv.org/abs/0801.0287

Take-home messages



Take-home messages

1. Alarge number of fundamental constants exist

O They dictate structure at all scales
O Their values and origin 1s not understood
0 Well-motivated new physics (e.g. dark matter) leads to varying constants



Take-home messages

A large number of fundamental constants exist

O They dictate structure at all scales
O Their values and origin 1s not understood
0 Well-motivated new physics (e.g. dark matter) leads to varying constants

Absent knowledge of underlying theory, F'C variations can be studied with

O Leading effects parametrized in terms of effective operators
O Such operators induce shifts in FCs
O Measuring dimensionless observables provides a probe



Take-home messages

A large number of fundamental constants exist

O They dictate structure at all scales
O Their values and origin 1s not understood
0 Well-motivated new physics (e.g. dark matter) leads to varying constants

Absent knowledge of underlying theory, FF'C variations can be studied with EF'T

O Leading effects parametrized in terms of effective operators
O Such operators induce shifts in FCs
O Measuring dimensionless observables provides a probe

Ratios of QSNET clock transitions are proportional to FC variations

O Clock ratios can search for and constrain a variety of new physics,
including violations of fundamental symmetries



