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Atomic physics

3 Nobel prizes over the last 11 years (1997, 2001, 2005)

Attendance of APS meetings
Division Of Atomic, Molecular And Optical Physics

1000

1970 197% 1980 1985 1990 1995 2000 2005 2010



Reno theoretical atomic physics group
Also thanks to E. Emmons & C. Cannon (earlier efforts)

t”' Pt et e
Sergey Porsel
:‘. ? % '; -



Listening to an atom

L Coulomb forces @ Quantum Electro-Dynamics
= a relatively simple interpretation

LUnprecedented 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)



Standard Model and beyond

Forces of Nature

N/

Electroweak

Standard Model = Electroweak + QCD (strong)

Extensions : GUT, Superstrings, SUSY, ...



Large Hadron Collider

“The grandest scientific instrument ever built”

27 km (17 mile) long tunnel
U Straddles borders of Switzerland and France
(1$10 bin price tag




Atomic searches for new physics

Table top experiment with 133Cs atoms
on parity violation
Boulder (C. Wieman group)

1 eV = New physics constraints at 1 TeV mass scale

Atomic experiments are both uniqgue and complementary to particle physics experiments
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Atomic parity violation (APV) ;

Parity transformation: I} = =T

[H.omic: P1=0 => Atomic stationary states are eigenstates of Parity

Electromagnetic Electroweak
N 4 /7 ; % iu(d)
e p e u(d)
Conserve parity Do not conserve parity

Z-boson exchange spoils parity conservation

What is the strength of electroweak coupling of quarks and electrons?




Historical notes

= Zel'dovich 1958: APV idea; optical activity; effect too small?

= Realization that P-violation may be observable in heavy atoms
(Bouchiat & Bouchiat 1974)

= I;g% 3)bservation: optical rotation in 29°Bi (Barkov & Zolotorev

= Other observations: Tl, Pb, Cs atoms, Yb (2008)
=> Most accurate (0.35%) experiment in 133Cs (Colorado 1997)

Table-top APV experiment using Stark-interference by Colorado group



Today: new result
The most accurate to-date probe of the

low-energy electroweak sector of
the Standard Model
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Parity-violating 75-6S amplitude in Cs

7S 2 N
U% <781/2‘D‘681/2>EO D=> -er,
i=1
6512 Electric-dipole transition is forbidden by the parity selection rules

Weak interaction leads to an admixture of states of opposite parity

Ti..g]!.f'z e_ e_

E., =(7S,,|D|6S,,)#0 Jo

6.5 /o N N

Tiny effect  E,, ~107" atomicunits
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Weak charge extraction

Weak charge

b

measured

Signature of new physics:

G
Hy, = — r
W/Q\N X \E Vs Pn (‘ )
\ neutron distribution
EPV — ka Q\N
computed

Q;\?ferred _ r) _ Q/?/M
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Theoretical progress

E . k inferred
PV — "‘PV
measured I
atomic-structure calculations
- Paris’86

Novosibirsk’89

- Notre Dame’90

—_—

World average’05
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2
Oq = \/(Gexpt) T (Gtheor )2

o..=035%<o. . =05%

expt theor

How to reduce o?

Theoretical uncertainty is limited by
an accuracy of solving
the basic correlation atomic-structure
problem
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Why is it so difficult?

TRIBE OF ELECTRONS

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

il Yel o
- e ~
# of points in Hilbert space I 0165 s w{\ e

Exceeds estimated number of atoms in the Universe
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Requirements to
atomic-structure calculations

Weak interaction occurs in the nucleus

Y 07 ~05 forCs

C
Ab initio relativistic calculations based on Dirac equation

Calculations should have uncertainty better than 0.35%

Hartree-Fock calculations are off by 50% for
Important atomic properties

Many-body perturbation theory
Treat interaction beyond the Hartree-Fock as a perturbation

Technically difficult task: 100 Gb of storage, several weeks of CPU time
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Pauli's letter

Oslperds ecusces X
\

ﬂaémhu‘mw;c%ﬁ g
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R A5 R, This is to show the world that | can paint
{ ' like Titian
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:
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Only technical details are missing
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Epy = Z<

PV amplitude

7S,,|D|nP,,)(nP,,|H,, [6S,,)

n

E,—E

nk;,

G

+C.c.(6S <> 79)

HW :QV\/XTF7/5/On(r)
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Accuracy is important
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Theoretical accuracy: weak interaction

— T Average deviation 0.2% —
»
[JA,,SWA”:PW . 6S512,6P12
/
o 6512, 7P 112
® 781/2,6P112
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Deviation from experiment (%)



Theoretical accuracy: dipoles

I | | I l | | I | I | | | I | | I 1
—=— —=— P
[(nsllz |D|an]/2>j _E_I 6S1;’236 172
L ]
6512, 7P12
| : o I

| — = | 7S12,6P112

—e— 7812, TP112

| | | 1 | | 1 | | | | | 1 | | | 1 |

-1 -0.5 0 0.5 1

Deviation from experiment (%)
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Theoretical progress

0.89 |

Novosibirsk’89
- Notre Dame’90

World average

0.88
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Implications for particle physics
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Weak charge of !33Cs

Atomicexperiment E _

oo Y= Q™ =-73.16(29)_ (20)
Atomic theory E.,/Q, expt & /theor
Standard Model QY= -73.16(3)

Perfect agreement with the Standard Model

Experiment: Wood et al. (1997); Bennett and Wieman (1999) (Boulder group)
Theory: S.G. Porsev, K. Beloy, A. Derevianko Phys. Rev. Lett. (2009)
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Bunning of elec | !

Running confirmed over energy span 10 MeV - 100 GeV

0.240 - {PV e-e SLAC
O 0.238
s
< 0.236 -
-
@ 0.234 -
0.232 -
CERN/SLAC
> e = > > 5
& 8 § O S E
B 5 - 3
= S
E

Adopted from Czarnecki & Marciano, Nature (2005) 24



extra Z bosons (Z')

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

1
e /o u(d) e Z w(d)
+
e u(d) e u(d)
APV is uniquely sensitive to Z°

Marciano & Rosner

2
0.736 TeV/c®
M.

X

Q\;\r;ferred . QV?IM z[
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Implications: extra Z bosons (Z')

Specific example: Z’, in SO(10) GUT

2
Qierd _ oM z(0-736 Tev/ CZ] Marciano & Rosner
M,

X

Our result implies: Mz' >1.4 TeV/c?
X

Direct search at Tevatron collider :

M_. >0.82 TeV/c?

LHC discovery reach: 2 TeV initially; 5 TeV full luminosity
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"New physics" summary

v ISR |
e v OO0 1576 3,072 0240 +PV e-e SLAC
O’% o IICUICKA 60 Q 0.238 et
” Ng |
%, SN 4 53 0236
o | RN 1 rA\‘E
4 - 2 025449 Caesium
0232
CERN/SLAC

0.01 GeV
0.1 GeV

1GeV
10 GeV

=<z includedin computed
SD method IZ]

in this work

Perfect agreement with the Standard Model
JLower limit on mass of Z’ is raised

Running of electroweak coupling confirmed over energy span

of four orders of magnitude

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

interaction, lifetimes, exotic nuclear moments, atomic clocks ...

100 GeV

1TeV
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