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Fundamental constants

There are two types of physical constants

O Dimensionful: G, 7, c, ...
0 Dimensionless: a, u = m,/m,, CKM matrix elements, ...

The latter type are convention independent = “fundamental constants™

Standard Model General Relativity
— a4 apv 7 M
R ——Rg = T
2 HV D HV 4 KV
l//LV(I)l//R+hC —\DﬂCID\ — V(D) C
Parametrized by 18 dimensionless constants No dimensionless constants!

(+1 more for Oycp, + 7 more for massive vs, ...)
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They cannot be calculated, must be measured!



Fundamental constants

FCs associated with deep questions Eddington, Dirac, Jordan, Teller, Fierz, ... many others

O How many are there?

0 Can they be explained dynamically (e.g. strings)?
O Intuition of measured values? Hierarchies?

0 Are there patterns between them?

O Are they “only” numbers, or more generally, functions of spacetime?

“Large numbers hypothesis™

P. A. M. Dirac. Nature 139. 323 (1937)

1
Explicit or apparent fundamental constant variations can Z intp 2 — 18 (P)F /wF He

be described by very light bosons interacting with the SM


https://www.nature.com/articles/139323a0

Ultralight bosons

Integer-spin fields with very small masses

107 eV<m<1leV
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O Dark energy (quintessence) J. Uzan, Living Rev. Rel. 14, 2 (2011)
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Eftective description

Parametrize varying constant g(x*) for low-energy probes arXiv:2302.04565

(Cf g,uy"’r]/,w_l_h )



https://inspirehep.net/literature/2630943

Eftective description

Parametrize varying constant g(x*) for low-energy probes arXiv:2302.04565

(Cf g,uy"’r]/,w_l_h )

%

E.g. Bekenstein electrodynamics e(x) = eye(x) = ey + — J. D. Bekenstein, Phys. Rev. D 25, 1527 (1982)

A/

I |
L =ZLopp +=(0,4)" — —m* F,F*
QED 2( ﬂ¢) > 45 2,,¢



https://www.worldscientific.com/doi/abs/10.1142/9789811203961_0027
https://inspirehep.net/literature/2630943

Eftective description

Parametrize varying constant g(x*) for low-energy probes arXiv:2302.04565

E.g. Bekenstein electrodynamics e(x) = eye(x) = ey + —

| I
L = ZLopp +=(0,0)* — —m* F,F*
QED 2( ﬂ¢) > 45 2,,¢

Description in terms of conventional theories with new interactions



https://www.worldscientific.com/doi/abs/10.1142/9789811203961_0027
https://inspirehep.net/literature/2630943

Eftective descrlptlon

Primarily interested in temporal variations
d+Th+mp~0

Covers a wide range of models (e.g. I =3H, I =0, ...)

d(1)/ o
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of oscillations

r—-0 = ¢(t) ~ ¢O COS [Wl¢(1+%\/2 + )t + 5] V<L C D> m, contr(.)lsﬁ.'equency
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Eftective description

Search for ¢ couplings to SM

S = J'd4x _ngint,¢ gint,qﬁ D (
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Search for ¢ couplings to SM S = Jd4x /|—8L int,¢ <L intp 2 (

-1
n 1 _ k =1/47G = (\/2M see, e.g.
P = (6b)" (4 i) 4 L e
’ o4 K ¢ K"d™ < 1/A" P. W. Graham et al., PRD 93, 075029 (2016)

J


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.075029
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Search for ¢ couplings to SM S = Jd4x /|—8L int,¢ <L intp 2 (

K =1/4nG = <\/§Mp>_l (see, eg)

K”dj(”) o 1/A" P. W. Graham et al.. PRD 93. 075029 (2016)

nf ol N
gint,¢ — (K¢) (d;g )ZFﬂyFﬂy_dr(ne)meWeWe> T e

a(p) = a (1+d;">(x¢)"> = oa _ 4" (k)"

04

Terms induce om; |
: = n; 1+d(n) ") => — = d & =e,u,d
shifts in FCs mi$) = m; 1+, ()" — = dkp)" (= e.ud)

J

Aocn@®) = Aocn (1 d§">(z<¢)") N

= 4y

AQCD


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

Eftective description

Search for ¢ couplings to SM S = Jd4x /|—8L int,¢ <L intp 2 (

K =1/4nG = <\/§Mp>_l (see, eg)

K”dj(”) o 1/A" P. W. Graham et al.. PRD 93. 075029 (2016)

nf ol N
gint,¢ — (K¢) (d;g )ZFﬂyFﬂy_dr(ne)meWeWe> T e

a(p) = a (1+d;">(x¢)"> = oa _ 4" (k)"

04

Terms induce om; |
: = n; 1+d(n) ") => — = d & =e,u,d
shifts in FCs mi$) = m; 1+, ()" — = dkp)" (= e.ud)

J

Aocn@®) = Aocn (1 d§">(z<¢)") N

= 4y

AQCD


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

Atomic clocks
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Atomic clocks

Atomic clocks count cycles of EM radiation emitted from suitable transitions

— feedback\

E/
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— =K -— K, =
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V.V. Flambaum. V. A. Dzuba. Can. J. Phys. 87. 25 (2009)
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https://cdnsciencepub.com/doi/10.1139/p08-072

Atomic clocks

Atomic clocks count cycles of EM radiation emitted from suitable transitions

" feedback ,
E A
Probing laser = NVyansition
G v
E.g. oV [0-18
Voptical = A - (CRoo) - I opt(a) o P
Common clock 0
.. Vmicrowave — B - (C‘ROO) - FMW((,Z) 8N H “Off by 1 second after
transitions 11 »
— C - ( R ) o, 12 Tiniverse ~ 14 billion yr
Uvibrational = CRyy) " K p=m,lm,
Measurements involve comparisons
dv _ K dg K = dlnv O Need reference that has distinct sensitivity
7 — Pg ? $  olng O r = v/v, 1s dimensionless observable

V.V. Flambaum, V. A. Dzuba, Can. J. Phys. 87. 25 (2009) O Difference AK, , 1s relevant



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

G. Barontini et al.. EPJ

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

gsnet.org.uk +
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http://qsnet.org.uk
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Ratio variations

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

v = (const.) (cRy,) - a’a - (m,/Agep)™ - (ml Agep)™ 1= ray:
m, & A - AQCD + light quarks ‘J \» quark masses 4+ magnetic moments
(4 )

or
= = AK,d" (k)" + AK,(dS) — d) k) + AK (A — d) (k)"

r



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.69.115006
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NPL data: time series

arXiv:2302.04565
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Model-independent constraints

Instability (MDEV) of Fundamental Constants

og L or

— K 1 Translate instabilities to bounds on shifts

107 1>+
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Averaging Time, T [S]

E.g. for two times separated by 1000 seconds
~ kAPt + 1) — ()] ST x 107"

No functional form of ¢(7) assumed!



NPL data: amplitude spectra

Amplitude Spectra for Variations in Fundamental Constants
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O Fit to signals

~ Amp - cos(2xft)
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NPL data: amplitude spectra

Amplitude Spectra for Variations in Fundamental Constants
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NPL data: amplitude spectra

Amplitude Spectra for Variations in Fundamental Constants
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= set constraints on ultralicht DM



Ultralight DM

- Astropl}ysical Particl.e-like i dark-matter halo
constraints behaviour

&

E galactic disk

1 0_22 eV 1 eV Sun-Earth system

AxAp ~ 1 n-/lgB > 1
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Constraints

2
Or PDM
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Map amp. spectrum onto magnitude of oscillations for lowest-order (n = 1,2) ints.
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May also consider ¢» — Higgs couplings A = — A¢ H T H E. Piazza, M. Pospelov, Phys. Rev. D 82, 043533
Ach Eh
Mixing generates effective interactions 2 Higes eff. = < 2> ¢ Z ShrWrWr + <hy>y F, F*
mj,
f

Y. V. Stadnik. V. V. Flambaum. PRA 94. 022111 (2016)
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With AK, ~ (.5 constraints on A are obtained
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Recap and conclusions

Ultralight bosons cover a wide range of well-motivated new physics

O Lots of recent theory activity (ULDM, ALPs, ...)
0 Experimental funding/capabilities rapidly increasing



New Horizons: Scalar and Vector Ultralight
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Recap and conclusions

Ultralight bosons cover a wide range of well-motivated new physics

O Lots of recent theory activity (axions, ULDM, ...)
0 Experimental funding/capabilities rapidly increasing

New constraints from NPL data

@ Model-independent constraints from instabilities of Yb™, Sr, and Cs clocks
@ New constraints on scalar and axion-like ULDM



Recap and conclusions

Ultralight bosons cover a wide range of well-motivated new physics

O Lots of recent theory activity (axions, ULDM, ...)
0 Experimental funding/capabilities rapidly increasing

New constraints from NPL data

@ Model-independent constraints from instabilities of Yb™, Sr, and Cs clocks
@ New constraints on scalar and axion-like ULDM

Excellent future prospects

O Longer datasets give access to /ighter masses
O New QSNET clocks w/larger K factors = drive exclusion regions downward
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