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Abstract: Precision timepieces are marvels of human ingenuity. Over the past half-a-century, precision time-keeping has been carried out with
atomic clocks. | will review a novel and rapidly developing class of atomic clocks, optical lattice clocks. At their projected accuracy level, these
would neither lose nor gain a fraction of a second over estimated age of the Universe. In other words, if someone were to build such a clock at the
Big Bang and if such a timepiece were to survive the 14 billion years, the clock would be off by no more than a mere second. What can we do with
this new-found precision? How can we exploit this exquisite ability to listen carefully for probing new physics?<br><br>In the second part of my
talk | will overview atomic searches for new physics beyond the Standard Model of elementary particles.&nbsp; | will report on arefined analysis of
table-top experiments on violation of mirror symmetry in atoms. This anaysis sets new constraints on a hypothesized particle, the
extra<br>Z-boson. Our raised bound on the Z' masses improves upon the Tevatron results and carves out a<br>lower-energy part of the discovery
reach of the Large Hadron Collider.
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Atomic physics

3 Nobel prizes over the past decade

Attendance of APS meetings
Division Of Atomic, Molecular And Optical Physics
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Theoretical atomic physics group (@ Reno
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Listening to an atom

JCoulomb forces + Quantum Electro-Dynamics
> a relatively simple interpretation

JUnprecedented control over internal and external degrees of freedom

=

precision 16-digit spectroscopy

429 228 004 229 873.65 (37) Hz Campbell et al,
Metrologia 45 (2008)
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Large Hadron Collider

‘The erandest scientific instrument ever built”

427 km (17 mile) long tunnel
IStraddles borders of Switzerland and France
_1$6 bln price tag
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Atomic parity violation (APV)

arity transformation: r — —r,

[H =0

atomie?

Conserve parity Do not conserve parity

Z-boson exchange spoils parity conservation

What is the strength of electroweak coupling of quarks and electrons?
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Parity-violating 75-6S amplitude in Cs

N

(75,,|D|6S,,)=0

Electric-dipole transition 1s forbidden by the parity selection rules

Weak interaction leads to an admixture of states of opposite parity

C
&\
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Weak charge extraction

Weak charge _ _
> neutron distribution
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extra Z bosons (Z')

JCopious in grand unified theories and string theories
Potential carriers of the “fifth” force of Nature
JLHC: the cleanest signal of new physics

Z” w(d)

u(d)
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extra Z bosons (Z)

JCopious in grand unified theories and string theories
Potential carriers of the “fifth” force of Nature
JLHC: the cleanest signal of new physics

Z” w(d)

u(d)

-

: 0.736 TeV /¢’
—.(_),";1” ~ 736 TeV /¢ Marciano & Rosner
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Theoretical progress

measured

atomic-structure calculations

Paris’86 @

Novosibirsk'89
Notre Dame’90

World average’05

E

Standard Model with experiment
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\/ ( O o )2 +( T o )2

Oy =
O i =0.35%< 0o =0.5%

theor

How to reduce o?
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Why is it so difficult?

Cs atom: correlated motion of 55 electrons
55x3=165 coordinates
For a coarse 10-point grid per dimension
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Requirements to
atomic-structure calculations

Weak interaction occurs in the nucleus
" - ~ ol
—~oZ =0.5 for Cs
c

Ab initio relativistic calculations based on

Calculations should have

Hartree-Fock calculations are oft by 50% for
important atomic properties

Treat interaction beyond the Hartree-Fock as a perturbation

100 Gb of storage, several weeks of CPU time
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Pauli's letter

Wm"em.
‘-_-___-'—‘-_-—.7

maémhwwgcuﬂ,
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PV amplitude

= Z<7S‘ "l)‘”[[?‘><';{)‘" 65, ‘>+c.c.ms & 78)
" 68 "mf{ :

Accuracy 1s important
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Theoretical accuracy: weak interaction

I | | I { | I I !
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Theoretical progress
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Implications: extra Z bosons (Z')
Specific example: Z'K in SO(10) GUT

0.736 TeV /¢~ Marciano & Rosner

SM
- QH' ~

Our result implies: Vi _ leV/( [84% CL]

Direct search at Tevatron collider :

M >0.82 TeV/c”

March 2012:

LHC discovery reach 5 TeV (@ full luminosity
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Implications: Running of EW coupling

PV e-e SLAC

Caesium

CERN/SLAC

>

QU
D
-

—

0.1 GeV 1

0.01 GeV 1
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Bigger picture (running)

oo T oo T T ooy T r ooy T rrr T Ty T
— Standard Model

Completed Experiments

Future Experiments

Moller .||_;1||j
(__]\\,'I';IE( [JLab

PV-DIS [JLab
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Implications: Dark forces?

Exchange by weakly-coupled light particles

Hn' — Y X { Ql:”% P, (’:')—'_

Plug it in into the APV amplitude calculations
new limits on “dark couplings™ of electrons to quarks

Interesting effects are expected when /My~ radius of the 1s shell (My > a few MeV)
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"New physics” summary
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f--ﬂ included in | _] computed
SD method - in this work

JPerfect agreement with the Standard Model

JLower limit on mass of Z’ 1s raised

JRunning of electroweak coupling confirmed over energy span

of four orders of magnitude

JApplications of developed codes: van der Waals interaction, atom-wall

interaction, lifetimes, exotic nuclear moments, atomic clocks ...
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Part II (magic & precise )
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Part II (magic & precise )
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1 fs/day

lon/Lattice optical clocks
Primary cesium clock

1 ns/day

S$H00[0 DIWIONY

First cesium clock 1 us/day

Quartz clock

Shortt clock

Rlefler clock 1 ms/day

Free pendulun

Harrison's clock

Barometric compensation
Temperature compensation 1 s/day

Huygens pendulum Graham escapement

Chinese water clock
Cross escapement

1000 s/day

Verge & Foliot escapement

1200 1400 1600
Year (AD)
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Applications

GPS:: Global Positioning System
Digital networks (cell phones, internet, ...)
Fundamental physics
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SI definition of the second

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 cesium 133 atom. This definition refers to a

cesium atom at rest at a temperature of 0 K.
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SI definition of the second

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 cesium 133 atom. This definition refers to a

cesium atom at rest at a temperature of 0 K.

mF

9,192,631,770 Hz
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US timekeepers:
NIST Cs fountain clock

—
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US timekeepers:
NIST Cs fountain clock

—

Laser .r"

- thhoca ~ 1. . 1¢)
LNECSC Jt‘ﬂdw.
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Lattice clocks

Why the fountain clocks are large?

. . I
Av AL 21 frequency resolution e< - e
interrogation time
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Lattice clocks

Why the fountain clocks are large?

f=

. . 1
Av At 21 frequency resolution e< - —
interrogation time

Trap atoms

Optical lattice : counter-propagating laser beams = standing wave

dynamic polarizability

position
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What about the primary Cs standard?

Optical transition ~10'* Hz

v
< _ Hyperfine transition ~10” Hz

Lattice clocks work with optical transitions: ~10'* Hz
Too fast for counting electronics : need expensive frequency combs
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Further reading on lattice clocks
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The ultimate clock?

arXiv.org > physics > arXiv:1110.2490

Physics > Atomic Physics

A Single-lon(Nuclear Clock for Metrology at the 19th Decimal Place

ampoe A . Radnaev, A. Kuzmich, V. A. Dzuba, V. V. Flambaum, A. Derevianko
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The ultimate clock?

arXiv.org > physics > arXiv:1110.2490

Physics > Atomic Physics

A Single-lon(Nuclear Clock for Metrology at the 19th Decimal Place

Campbell, A. G. Radnaev, A. Kuzmich, V. A. Dzuba, V. V. Flambaum, A. Derevianko

3271631 5F,

o 10-10"s 4

0) nm
ar M1
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The ultimate clock?

Physics > Atomic Physics

A Single-lon(Nuclear Clock for Metrology at the 19th Decimal Place

ampbell, A. G. Radnaev, A. Kuzmich, V. A Dzuba, V. V. Flambaum, A. Derevianko

FABLE 1. Estimated systematic error budget for a ==*Th**
clock using realized single-ion clock technologies Shifts
and uncertainties are in fractional frequency units (A /v,

where v 1.8 PHz. See text for disenssion

k

3271631 5F s

ro10-10"s ] 2 1y = -4 [ ffect Shift! (10 Uncertainty (10
[Lxcess micromotion 10 10

Ciravitational 0 10)
Clooling laser Stark 0 E
0) nm Fleetrie quadrupol 1 )
ar M1 iy Seenlar motion 5

‘ Linear Doppler

Linear Zeeman

Background collisions

Blackbody radiation
Clock laser Stark
[rapping field Stark
‘31]4-[['4111 Zeeman

[otal
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WIEED]

Laser-Tuned Nuclear Clock Would
Be Accurate for Billions of Years

By March 20, 2012 | 5:28 pm | Categories

questcequilmanque

You've managed to find the single most depressing scientific endeavor of all time: Spend years of

research trying to make an ultra-precise clock more precise. If they succeed, only electrons will notice.

What's the suicide rate among these people?
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we need better clocks?

GPS
JAutopilots for the cars?
JAutomated landing of planes
JDeep-space navigation (DSN network of NASA)

Are constants of nature constant?
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